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INTRODUCTION  AND  BACKGROUND 

Breast  cancer  is  one  of  the  major  causes  of  death  in  women.  Cancers  occur  as  a  result  of 
multiple  genetic  alterations  leading  to  a  tumorigenic  phenotype.  One  frequently  found 
alteration  in  human  tumors  is  the  constitutive  activation  of  the  Ras  signaling  pathway. 
Constitutive  Ras  signaling  can  lead  to  widespread  changes  in  cellular  growth  and 
behavior.  While  direct  mutation  of  Ras  genes  is  not  frequently  found  in  breast  cancer,  a 
variety  of  other  defects  which  lead  to  constitutive  Ras  signaling  have  been  found.  T  o 
date  the  majority  of  cellular  downstream  targets  of  oncogenic  Ras  leading  to  the  fully 
transformed  phenotype  is  still  unknown.  Some  of  the  most  downstream  targets  that  have 
been  characterized  are  transcription  factors,  like  the  members  of  the  Ets  family  of 
transcription  factors,  whose  alterations  can  lead  to  widespread  changes  in  gene 
expression.  These  Ets  factors  share  a  conserved  DNA  binding  domain.  The 
transcriptional  activity  of  the  Elk  family  of  Ets  ternary  complex  factors  are  regulated  by 
Neu/Ras/Raf/MEK/MAP  kinase  pathway  (1).  We  found  that  Etsl  and  Ets2  are 
transcriptionally  activated  by  Nau/erbB-2  and  Ras  (2-4).  In  addition  to  activating 
members  of  the  Ets  family,  there  are  also  negative  regulators  of  transcription  like  ERF  or 
Net,  whose  negative  regulation  can  be  relieved  by  stimulation  of  the  Ras  signaling 
pathway  (5,6). 

Role  of  the  Ets  family  in  cellular  transformation.  In  rodent  fibroblasts,  it  has  been 
shown  that  Ets  factors  are  essential  targets  in  cellular  transformation.  Most  of  the 
dominant  negative  mutants  that  block  Ras-mediated  transformation  also  block  activation 
of  reporter  genes  that  contain  Ets  and  AP-1  sites.  Dominant  inhibitory  mutants  of  Ets  or 
AP-1  can  reverse  Ras-or  Neu/HER2  mediated  cellular  transformation  in  rodent 
fibroblasts  (4,7,8).  A  dominant  inhibitory  mutant,  consisting  of  the  DNA  binding  domain 
alone  can  act  as  a  broad  inhibitor  of  Ets  function,  since  Ets  factors  bind  to  the  same 
consensus  sites.  These  data  suggest,  that  Ets  factors  are  critical  for  mediating  effects  of 
more  upstream,  non-nuclear  oncogenes. 

Dominant  inhibitory  Ets  proteins  can  reverse  the  transformed  phenotype  of  tumor 
cell  lines.  A  dominant  inhibitory  mutant  for  AP-1  can  inhibit  the  transformation  of 
epithelial-  and  breast  cancer  cell  lines  (9).  It  has  been  shown  that  overexpression  of  Etsl 
in  the  human  colon  cancer  cell  line  DLD- 1  could  reverse  the  transformed  phenotype  of 
these  cells  (10).  Another  study  showed  that  Ets2  plays  a  critical  role  in  regulation  of 
anchorage  independent  growth  of  BT20  breast  cancer  cells  (11).  These  findings,  that 
altering  Ets  function  can  indeed  revert  more  complex  epithelial-derived  cancers, 
encouraged  me  to  investigate  whether  expression  of  distinct  parts  Ets2  can  reverse  the 
transformed  phenotype  of  epithelial-derived  breast  tumor  cell  lines. 

Ets  factors  and  metastasis.  Several  promoters  of  known  metastasis  associated  genes 
contain  Ets  and  AP-1  sites  (12).  The  expression  of  some  of  these  genes,  like  the 
metalloproteinases  collagenase,  stromelysin  (13,14),  and  the  urokinase-type  plasminogen 
activator  uPA  are  increased  by  activated  Ras.  Our  lab  showed  that  the  uPA  promoter  can 
strongly  be  activated  by  Ets  and  Ras  (3).  In  addition,  the  enhancer  for  keratin  18  also 
contains  Ras  and  Ets  responsive  elements  (15).  Keratin  18  is  a  diagnostic  niarker  for 
90%  of  invasive  breast  carcinomas.  Thus,  I  have  undertaken  the  characterization  of  the 
effects  of  altered  Ets  function  on  the  ihvasiveness  of  breast  cancer  cell  lines. 

Objectives  and  Hypothesis 

The  goal  of  this  proposal  is  to  determine  whether  altering  Ets  activity  can  specifically 
reverse  the  transformed  phenotype  of  a  model  cell  line  or  breast  cancer  cell  lines.  This 
analysis  will  provide  insight  as  to  whether  the  Ets  family  of  transcription  factors  are 
novel  downstream  targets  for  potential  therapeutic  intervention  in  breast  cancer. 
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The  hypotheses  are:  1)  that  Ets  factors  are  downstream  targets  for  signal  transduction 
pathways  in  breast  cancer  cells  and  2)  that  interfering  with  Ets  transcription  factors,  by 
overexpressing  different  mutant  forms  of  Ets2,  can  specifically  reverse  the  transformed 
phenotype  and/or  metastatic  potential  of  breast  cancer  cell  lines. 

Progress:  Considerable  progress  has  been  made  towards  all  3  objectives. 

Objective  1:  Comparison  of  the  effect  of  Ets2  mutants  in  reversing  the 
transformed  phenotype  of  rodent  fibroblasts  and  human  epithelial  breast  cells. 

Milestone  1:  Generation  of  stable  Ets-expressing  DT-3T3  cell  lines.  To  characterize 
the  role  of  Ets  factors  in  Ras-mediated  cellular  transformation,  several  Ets2  mutant 
constructs  were  generated,  including  expression  vectors  for  the  Ets2DNA  Binding 
domain  (Ets2DBD),  the  Ets2  transactivation  domains  (Ets2TAD),  or  a  construct 
containing  the  VP  16  transactivation  domain  fused  to  full-length  Ets2  (VP16Ets2).  As  a 
model  system,  I  chose  the  v-Ki-Ras  transformed  NIH3T3  cell  line  (DT-3T3)  (16).  I 
generated  DT-3T3  cell  lines,  stably  overexpressing  the  different  Ets2  mutants.  To 
improve  the  frequency  of  G418  resistant  clones,  I  used  the  pCIN4  vector  (17).  At  least  6 
individual  clones  per  construct  were  randomly  picked  and  expanded  to  analyze  (about 
100  clones  total).  Although  this  approach  was  very  time  consuming,  it  was  useful  to 
identify  the  Ets2  mutants  with  the  highest  reversion  potential.  This  detailed  analysis 
formed  the  basis  for  the  subsequent  objectives  below. 

Milestone2:  Determination  of  the  protein  levels  of  Ets2  constructs  in  the  reverted 
cell  lines.  All  of  the  G418  resistant  and  expanded  clones  of  full-length  Ets2,  the 
Ets2DBD,  Ets2TAD  and  VP16  Ets2  expressed  amounts  of  proteins  that  were  detectable 
by  western  blot  (data  not  shown).  The  FLAG  tagged  proteins  were  assayed  by  using  the 
an  anti-FLAG  antibody.  To  investigate  whether  the  reversion  activity  of  Ets2  is  due  to 
transcriptional  activation,  I  fused  the  VP  16  transactivation  domain  to  full-length  Ets2, 
creating  a  very  powerful  transcriptional  activator. 

Milestone  3:  Expression  of  different  Ets2  constructs  leads  to  loss  of  anchorage 
independent  growth  of  DT-3T3  cells.  As  one  important  parameter  of  cellular 
transformation,  I  measured  the  ability  of  the  stable  DT-3T3  cell  lines  to  exhibit  anchorage 
independent  growth  in  soft  agar.  The  number  of  soft  agar  colonies  formed  by  the 
different  stable  clones  were  compared  to  the  number  of  colonies  formed  by  the  control 
cell  lines  expressing  the  empty  vector  pCIN.  As  expected,  the  clones  expressing  the 
Ets2DBD  showed  reduced  growth  in  soft  agar,  but  surprisingly,  7  out  of  1 1  cell  lines 
overexpressing  the  transcriptional  activator  full-length  Ets2,  showed  a  more  than  4-fold 
reduction  in  soft  agar  growth  (fig.  lA,  IB).  Most  of  the  clones  expressing  the  Ets2TAD 
also  showed  reduction  in  soft  agar  growth.  None  of  the  stable  cell  lines  showed  any 
changes  in  attached  cell  growth  on  regular  tissue  culture  dishes.  In  addition,  the  growth 
rate  of  these  cell  lines  did  not  show  any  difference  in  their  exponential  growth,  but 
consistent  with  their  reverted  phenotype,  Ets2  or  Ets2DBD  cell  lines  showed  lower 
saturation  densities.  There  was  a  direct  correlation  between  the  amount  of  colonies 
growing  in  soft  agar  and  the  expression  level  of  the  proteins. 

To  determine  how  much  Ets2  overexpression  is  needed  to  achieve  reversion  of  cellular 
transformation  in  these  cell  lines,  I  performed  RNase  protection  experiments.  For  the 
Ets2  overexpressing  lines,  a  10-fold  overexpression  is  needed  to  effectively  revert  these 
cells  (19).  For  the  VP16Ets2  construct  expressing  lines,  I  found  that  they  were 
expressing  4-fold  more  protein  than  the  best  reverted  full-length  Ets2  cell  line  Ets2full#5. 
Since  the  VP16Ets2  lines  have  higher  stable  protein  levels,  I  cannot  exclude  that  the 
stronger  reversion  activity  of  this  construct  might  simply  be  due  to  the  more  stable 
VP16Ets2  protein. 
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Morphological  reversion  of  DT-3T3  cells  by  overexpression  of  full-length  Ets2,  the 
EtsDBD  but  not  Ets2TAD.  Ras  transformed  DT-3T3  cells  do  not  show  the 
characteristic  organization  of  actin  filament  structure  seen  in  untransformed  NIH3T3 
fibroblasts.  In  order  to  analyze  the  actin  filament  organization  in  DT-3T3  cells  and  in  the 
reverted  lines,  I  stained  them  with  rhodamine  conjugated  phalloidin.  The  full-lmgth  Ets2 
overexpressing  lines,  and  the  Ets2DBD  lines  showed  nicely  reorganized  actin  filament 
structures,  consistent  with  their  morphological  appearance  (fig.2).  In  contrast,  the 
Ets2TAD  expressing  lines  did  not  show  any  morphological  reversion  and  no  actin 
filament  reorganization,  suggesting  different  targets  of  these  Ets2  constructs. 

The  Ets2  (thr72)  residue  is  not  required  for  reversion  activity.  We  previously 
showed  that  phosphorylation  of  the  Ets2  (T72)  residue  is  essential  for  the  large  Ras 
pathway-mediated  increase  in  Ets2  transactivation  activity,  and  that  an  Ets2(A72)  mutant 
retained  basal  transcriptional  activity,  but  lost  Ras-responsiveness  (4,18).  To  test  the 
connection  between  Ras  signaling  to  Ets2  and  the  ability  of  expressed  Ets2  to  revert 
transformation,  I  determined  whether  expression  of  Ets2TAD(A72)  or  full-length 
Ets2(A72)  could  reverse  the  anchorage-independent  growth  or  transformed  morphology 
of  DT-3T3  cells.  As  described  above  for  the  wild-type  Ets2  constructs,  I  generated 
multiple  stable  DT-3T3  cell  lines  that  overexpress  Ets2(A72)  or  Ets2TAD(A72).  These 
cells  were  tested  for  their  ability  to  grow  in  soft  agar.  While  introduction  of  the  (A72) 
mutation  caused  a  modest  reduction  in  apparent  reversion  activity,  both  the  full-length 
Ets2(A72)  and  the  Ets2TAD(A72)  constructs  still  clearly  caused  significant  decreases  in 
anchorage-independent  growth.  The  soft  agar  growth  analysis  of  three  cell  lines 
containing  either  the  Ets2TAD(A72)  or  the  Ets2(A72)  expression  constructs  (fig.  lA) 
revealed  an  over  4-fold  reduction  in  anchorage-independent  growth,  indicating  that 
phosphorylation  of  Ets2  (thr72)  was  not  essential  for  their  reversion  activity.  Parallel 
plating  experiments  on  tissue  culture  dishes  and  growth  rate  analysis  demonstrated,  that 
the  reduced  soft  agar  colony  formation  in  these  cell  lines  was  not  due  to  a  reduced  cell 
growth  rate  or  altered  plating  efficiency.  Analysis  of  the  effects  of  full-length  Ets2(A72) 
or  the  Ets2TAD(A72)  on  cell  morphology  and  actin  stress  fibers  revealed,  that  these 
(A72)  constructs  had  the  same  effect  as  their  wild-type  counterparts:  the  full-length 
Ets2(A72)  cell  lines  appeared  reverted,  and  the  Ets2TAD(A72)  cell  lines  did  not  (data  not 
shown). 

Ets2  constructs  act  downstream  of  MAP  kinase  activation.  In  order  to  verify  that  the 
overexpression  of  the  different  Ets2  constructs  do  not  revert  the  DT-3T3  cells  by  simply 
downregulating  Ras  expression,  I  confirmed  the  Ras  expression  in  western  blot  analysis 
using  the  pan-Ras  antibody.  All  of  the  tested  lines  showed  the  same  amount  of  Ras 
expression.  By  using  an  immune  complex  assay,  I  found  that  there  was  no  significant 
change  in  the  basal  level  of  ERK  activity  in  the  control  cell  lines  and  the  reverted  cell 
lines,  indicating  that  Ets2  acts  downstream  of  the  MAP  kinases  Erkl  and  Erk  (19). 

Milestone  4:  Effect  of  the  MAPK  inhibitor  PD098059  on  reversing  the 
transformed  phenotype  of  DT-3T3  cells.  As  a  model  for  small  molecule  inhibitors  of 
downstream  signaling,  I  tested  the  effect  of  the  MEK  activation  inhibitor  PD098059  on 
the  RAS  transformed  fibroblasts.  This  compound  blocks  activation  of  MEK.  I  tested  the 
effect  of  3  different  concentrations  (10,'  30,  and  lOOpM)  on  attached  growth  and  soft  agar 
growth.  Even  at  the  highest  concentration  tested,  this  compound  did  not  have  any  effect 
on  attached  or  soft  agar  growth  of  these  cells  (fig.  3). 
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Objective  2:  Reversion  of  the  transformed  phenotype  of  breast  cancer  cell  lines. 

Milestone  5:  Establishing  breast  cancer  cell  lines  expressing  Ets2  mutants. 

The  extensive  analysis  in  objective  1  helped  me  to  identify  the  Ets2  constructs  that  are 
potent  in  reverting  the  transformed  phenotype  of  DT-3T3  cell.  My  first  attempt  to  alter 
Ets  function  in  breast  tumor  cells  was  to  establish  highly  invasive  MDA-MB-435  cell 
lines  stably  overexpressing  full-length  Ets2,  Ets2DBD,  VP16Ets2  or  the  empty  vector 
pCIN  by  lipofectamine  transfection.  For  full-length  Ets2, 1  obtained  only  about  10%  of 
G418  resistant  colonies,  relative  to  the  transfection  with  Ets2DBD.  I  could  not  establish 
any  VP16Ets2  expressing  MDA-MB-435  lines.  Most  of  the  G418  resistant  colonies  for 
full-length  Ets2  could  not  be  expanded,  as  the  clones  rounded  up  and  eventually  died. 
After  testing  various  cultivation  conditions,  I  found  that  MDA-MB-435  conditioned 
media  helped  the  G418  resistant  full-length  clones  and  I  was  able  to  obtain  a  number  of 
Ets2  overexpressing  MDA-MB-435  lines.  Western  blot  analysis  of  7  Ets2DBD  lines 
showed  a  wide  range  of  EtsDBD  expression  (fig  4).  The  protein  expression  of  all  7 
tested  full-length  Ets2  lines  was  comparably  low.  Taking  these  problems  into  account,  I 
hypothesized  that  high  expression  of  the  full-length  Ets2  and  particularly  VP  16  Ets2  was 
toxic  to  MDA-MB-435  cells.  Therefore  it  is  difficult  to  find  an  amount  of  protein  that 
does  not  kill  these  cells,  but  that  is  high  enough  to  show  biological  effects.  Similar 
problems  were  seen  in  a  collaborative  effort  where  my  Ets2  constructs  were  introduced 
into  a  prostate  tumor  cell  line,  and  these  Ets2  constructs  inhibited  growth  and  induced 
apoptosis  (21) 

Such  technical  difficulties  caused  me  to  scale  back  the  number  of  different  stable 
mammary  tumor  cell  lines  to  be  analyzed,  and  to  focus  on  characterizing  the  MDA-MB- 
435  lines.  While  focusing  on  the  hormone-independent  MDA-MB-435  tumor  cell  line 
has  the  limitation  that  one  can  not  study  hormone-dependent  processes,  it  has  the 
advantage  that  unlike  MCF-7,  this  tumor  cell  line  is  highly  invasive.  I  felt  that  the 
analysis  of  invasive  behavior  was  particularly  important,  both  because  of  its  extreme 
clinical  relevance,  and  because  many  genes  associated  with  invasiveness  are  thought  to 
be  regulated  by  Ets  transcription  factors. 

As  another  approach  to  overcome  the  problem  of  Ets-construct  toxicity  in  MDA-MB-435 
cells,  I  generated  inducible  cell  lines  for  full-length  Ets2  and  Ets2DBD  by  using 
Clontech’s  Tet-On  gene  expression  system.  This  systems  permits  gene  expression  to  be 
tightly  regulated  in  response  to  varying  concentrations  of  doxycycline.  The  first 
component  of  the  Tet-System  is  the  regulatory  protein,  based  on  TetR.  The  initial  step 
was  to  generate  stable  Tet-On  carrying  MDA-MB-435  cell  lines.  To  screen  these  stable 
cell  lines  I  performed  transient  transfection  assays  with  pTRE2-Luc  to  identify  G4 18- 
resistant  clones  that  meet  the  criteria  for  good  Tet-On  cell  lines.  I  analyzed  9  different 
lines  for  good  induciblity.  In  a  second  transfection,  the  second  critical  component,  the 
response  plasmid  (pTRE2),  which  expresses  Ets2,  VP16Ets2,  or  Ets2DBD  under  control 
of  the  tetracycline-response  element  got  stably  introduced  into  the  MDA-MB-431  Tet-On 
cell  line.  G418  and  hygromycin  resistant  clones  were  expanded  and  tested  for  protein 
induciblity  by  western  blot.  I  established  inducible  lines  for  all  the  three  constructs:  full- 
length  Ets2,  Ets2DBD  and  VP  16  Ets2. 

Milestone  6:  Expression  of  full-length  Ets2  or  the  Ets2DBD  in  MDA-MB-435  cells 
inhibits  anchorage-independent  growth  in  soft  agar. 

I  tested  the  stable  MDA-MB-435  cell  lines  for  their  ability  to  grow  in  soft  agar.  In  order 
to  exclude  clonal  variations,  I  tested  4  control  lines,  containing  only  the  empty  vector,  8 
clones  expressing  the  dominant  inhibitor  Ets2DBD  and  10  full-length  Ets2  expressing 
clones.  Two  full-length  Ets2  clones  showed  a  more  than  50%  reduction  of  soft  agar 
growth,  and  four  of  the  clones  showed  complete  inhibition  in  soft  agar  growth.  For  the 
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Ets2DBD  clones,  50%  of  the  clones  showed  a  more  than  70%  reduction  in  soft  agar 
colony  formation.  None  of  the  tested  control  lines  showed  a  significant  reduction  in  soft 
agar  growth  (fig.  6). 

I  also  performed  soft  agar  assays  for  MDA-MB-435  cell  lines  containing  the  inducible 
constructs  for  Ets2,  VP16  Ets2  and  Ets2DBD.  Prior  to  the  experiment,  the  cells  were 
grown  in  the  absence  of  doxycycline  (Dox).  At  the  time  of  plating,  the  cells  were 
trypsinized,  counted  and  split  on  dishes  with  or  without  2  ng/ml  of  Dox.  Figure  5  shows 
that  induction  of  each  of  these  Ets2  proteins  led  to  drastic  reduction  in  soft  agar  growth. 
These  inducible  cell  lines  form  an  excellent  system  for  future  studies  of  the  mechanisms 
and  targets  involved  in  the  reversal  of  the  transformed  phenotype  of  MDA-MB-435  cells 
following  perturbation  of  Ets  transcription  factor  function. 

Milestone  7 :  Effect  of  PD098059  on  reversing  the  transformed  phenotype  of 
MDA-MB-435  cells. 

I  tested  the  effect  of  MEK  inhibitor  PD098059  on  attached  and  soft  agar  growth  of  the 
MDA-MB-435  cells.  In  contrast  to  the  results  for  the  DT-3T3  cells,  where  PD098059 
had  no  measurable  effect  on  soft  agar  growth  even  at  the  highest  concentration  tested, 
even  the  lowest  concentration  of  PD098059  (lOpM)  tested  strongly  inhibited  both,  soft 
agar  and  attached  cell  growth  (fig.  7).  Thus,  the  growth  of  this  mammary  tumor  cell  line 
is  strongly  influenced  by  general  MAP  kinase  signaling,  as  well  as  more  specific 
inhibition  of  one  of  the  targets  of  the  MAPK  pathway,  Ets  transcription  factors. 

Decreased  motility  in  cell  lines  expressing  Ets2  constructs.  I  examined  the  motility  of 
the  MDA-MB-435-derived  cell  lines  through  an  8pm  pore  uncoated  filter  in  response  to  a 
serum  gradient.  As  shown  in  figure  8 A,  MDA-MB-435  cells  expressing  either  full-length 
Ets2  or  Ets2DBD  showed  an  increase  in  motility  compared  to  the  parental  cell  line  MDA- 
MB-435.  As  shown  in  fig  8A,  an  average  of  350  MDA-MB-435  cells  per  counted  field 
migrated  through  the  membrane  in  24  hours,  using  DMEM  media  containing  10%  FBS  as 
chemoattractant.  In  contrast,  the  average  amount  of  full-length  Ets2  or  Ets2DBD  cells 
per  field  migrating  through  the  membrane  was  550. 

Overexpression  of  Ets2DBD  or  full-length  Ets2  in  MDA-MB-4351  cells  blocks  in  vitro 
invasion.  The  ability  to  invade  through  basement  membranes  is  an  important  step  in  the 
metastatic  process.  I  assayed  the  in  vitro  invasion  potential  of  MDA-MB-435  cells 
expressing  full-length  Ets2  or  Ets2DBD,  by  measuring  their  ability  to  traverse  through 
filters  coated  with  reconstituted  basement  membrane  (Matrigel).  DMEM  media 
containing  10%  FBS  was  used  as  a  chemoattractant.  Figure  8B  shows  that  the  cell  lines 
expressing  full-length  Ets2  or  the  Ets2DBD  exhibited  significantly  reduced  inyasiveness 
in  these  assays,  compared  to  the  parental  cell  line.  This  loss  of  invasiveness  is 
particularly  striking,  because,  as  described  above,  these  cell  lines  actually  exhibited 
increased  motility. 

Objective  3:  In  vivo  analysis  of  the  reversion  of  tumorigenicity  and  metastasis 
induced  by  Ets2  mutants. 

Milestone  8:  Ets2  expression  reduces  tumorigenicity  of  DT-3T3  cells  in  nude  mice. 

To  determine  whether  the  Ets2-mediated  morphological  reversion  or  increased 
anchorage-dependence  of  the  Ets-mutants  overexpressing  DT-3T3  cells  seen  in  vitro 
reflects  a  reduced  ability  to  form  tumors,  I  performed  tumorigenicity  assays  in  nude  mice. 
I  injected  the  parental  DT-3T3  cells,’  clones  that  are  expressing  full-length  Ets2,  the 
EtsDBD,  VP16Ets2,  Ets2TAD  or  lines  that  carry  the  empty  expression  vector  into  the  left 
and  right  dorsal  flank  of  4  weeks  old  nude  mice.  Tumor  growth  was  measured  externally 
by  caliper  and  the  average  tumor  volume  in  mm^  was  determined.  The  numbers  in  Table 
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1  represent  the  average  of  6-8  tumors  derived  from  each  cell  line.  There  was  no 
significant  difference  in  tumor  growth  for  both  of  the  pCIN  lines  that  I  tested.  However, 
the  tumor  volumes  were  significantly  smaller  than  pCIN#5  for  both  full-length  Ets2  cell 
lines  and  both  VP16-Ets2  cell  lines  on  days  6,  8,  and  10.  Reductions  in  tumor  growth 
were  also  seen  in  the  Ets2TAD#53  and  Ets2DBD#10  cell  lines,  but  the  smaller  tumor 
volumes  were  statistically  significant  only  on  days  6  and  8  for  the  Ets2TAD  line  and  only 
on  day  8  for  the  Ets2DBD  line.  Due  to  the  very  high  initial  growth  rate  of  the  control  cell 
lines,  by  day  10,  the  tumors  from  pCIN  or  parental  DT  cells  were  quite  large,  and  started 
to  exhibit  reduced  growth  rates.  This  allowed  the  delayed  tumors  derived  from  the  Ets2 
construct-containing  cell  lines  to  catch  up,  and  by  days  12  and  14,  none  of  the  tumor 
volumes  were  significantly  different  from  those  of  the  pCIN#5  line  (data  not  shown).  It 
is  likely  that  the  delayed  tumor  growth  of  the  Ets  mutant-expressing  lines  represent  the  in 
vivo  effect  of  these  Ets  proteins,  and  that  the  absence  of  G418  selection  in  the  in  vivo 
experiment  lead  to  subsequent  selection  of  cells  in  which  expression  from  the  pCIN 
vector  is  reduced.  Indeed,  our  analysis  of  gene  expression  in  the  delayed  tumors  that 
arose  confirmed,  that  expression  of  the  Ets  constructs  was  almost  completely  lost  in  these 
tumor  cells  (19).  Taken  together,  the  ability  of  the  activating  constructs  Ets2  or 
VP16Ets2  to  cause  substantial  delay  in  tumor  formation,  and  the  Ets2DBD  to  cause  a 
delay  in  tumorigenicity  correlates  with  their  ability  to  revert  the  transformed  phenotype  in 
in  vitro  experiments.  However,  because  of  the  dramatic  in  vivo  instability  of  Ets 
construct  expression  in  our  model  cell  system,  as  well  as  similar  results  by  others 
examining  the  effects  of  growth-inhibitory  genes,  we  concluded  that  in  vivo 
tumorigenicity  analysis  in  MDA-MB-435  cells  would  likely  not  be  fruitful.  Thus,  we 
instead  focused  our  efforts  on  the  in  vitro  analysis  of  the  Ets  construct-mediated  reversal 
of  MDA-MB-435  cell  transformation,  and  to  extend  our  analysis  to  characterizing 
possible  downstream  targets  involved  in  this  process. 

Possible  mechanism  of  phenotypic  reversion  of  MDA-MB-435  cells  by  expressing 
distinct  Ets2  mutants.  As  a  first  attempt  to  gain  some  insight  into  the  mechanism  of 
how  the  different  Ets2  constructs  might  lead  to  loss  of  anchorage  independent  growth,  I 
performed  transient  transfection  experiments  of  full-length  Ets2,  Ets2DBD  or  the  empty 
pCIN  vector  with  several  Ets-dependent  reporter  genes  in  parental  MDA-MB-435  cells. 
Figure  9  clearly  shows  that  Ets2  can  activate  E.18,  an  Ets-dependent  reporter  gene  that 
contains  two  Ets  binding  sites,  up  to  17.5  fold.  The  dominant  inhibitor  of  Ets-dependent 
transcription,  Ets2DBD,  is  able  to  inhibit  the  expression  of  this  Ets-responsive  reporter 
gene.  Overall,  we  found  the  transcriptional  behavior  of  the  Ets2  constructs  in  the  MDA- 
MB-435  cells  quite  similar  to  that  in  NIH3T3  cells  (21). 

As  a  broader  approach  of  trying  to  identify  potential  targets  that  are  involved  in  Ets2 
construct-mediated  reversion  of  MDA-MB-435  cells  to  more  normal  growth  and 
dramatically  reduced  invasiveness,  I  initiated  cDNA  microarray  analysis.  Fig  10  shows 
the  image  of  a  hybridization  comparing  the  expression  pattern  of  the  parental  MDA-MB- 
435  cell  line  to  the  cell  line  Ets2DBD/A.  Several  interesting  genes  implicated  in  changes 
in  migration  or  invasion  that  were  differentially  expressed  in  the  Ets2DBD  expressing 
line  were  identified,  and  several  of  these  have  been  followed  up  with  further  analysis. 

A  key  group  of  gene  products  involved  in  invasiveness  are  the  matrix  metalloproteinases 
(MMPs),  and  their  regulators,  the  tissue  inhibitors  of  metalloproteinases  (TIMPs). 
Following  up  cDNA  microarray  results,  real-time  PCR  analysis  was  performed  using  a 
LightCycler  instrument  to  quantitate  qbserved  changes  in  MMP  and  TIMP  expression. 
Consistent  with  the  model  we  postulated  (19),  distinct  changes  in  gene  expression  were 
observed  in  the  MDA-MB-435  breast  tumor  cells  whose  invasiveness  was  reduced  by 
expression  of  either  the  Ets2DBD  or  by  full-length  Ets2.  In  the  Ets2DBD-expressing  cell 
lines,  significantly  reduced  expression  (over  3-fold)  was  seen  for  both  MMPl  and 
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MMP3,  while  elevated  expression  of  TIMP2  was  seen.  Both  MMPl  and  MMP3  have  Ets 
factor  binding  sites  in  their  promoters,  suggesting  that  these  changes  may  reveal  a  direct 
role  for  altered  Ets  function  in  reducing  MDA-MB-435  cell  invasiveness.  In  the  full- 
length  Ets2  expressing  MDA-MB-435  breast  tumor  cells,  the  expression  of  both  MMPl 
and  3  were  elevated  2-fold  in  the  full-length  Ets2  overexpressing  line.  However,  in 
addition,  the  expression  of  TIMPl,  a  negative  regulator  of  MMP  activity  was 
significantly  elevated,  as  was  the  cell  cycle  kinase  inhibitor  p2r'‘^^"‘'’.  In  Ras-transformed 
fibroblasts,  elevated  p21  expression  has  previously  been  shown  to  block  anchorage- 
independence,  and  high-level  p21  expression  causes  growth  arrest.  Thus,  the  altered 
behavior  in  Ets2  overexpressing  cells  may  be  due  to  additional  changes  in  gene 
expression  which  could  override  increased  MMP  function  (e.g.  TIMPl)  or  increased 
growth  signaling  (e.g.  p21 
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Figure  lA: 

Soft  agar  and  attached  growth  of 
individual  stable  DT-3T3  clones 
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Figure  IB:  Percent  soft  agar  colony 
formation  relative  to  DT-3T3  cells 
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Figure.  2.  Expression  of  Ets2,  but  not 
the  Ets2TAD  reverts  morphological 
transformation.  Cell  morphology  was 
visualized  by  phase-contrast  microscopy. 
Actin  filaments  were  visualized  by  immun¬ 
ofluorescence  using  rhodamine-conjugated 
phalloidin.  _ _ 
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Figure  4: 

Expression  levels  of  Ets2  constructs  in 
stable  MDA-MB-435  breast  cancer  lines 
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Figure  3:  Soft  agar  and  attached  colony 
formation  of  DT-3T3  cells  incubated  with 
the  MEK  activation  inhibitor  PD098059 


Table  1:  Tumor  formation  in  nude  mice 
Cell  Tumor  Volume  (mm^) 


Line 

day  4 

day  6 

days 

day  10 

pCINS 

19±17 

263±  159 

1,331  ±649 

2,816  ±1,272 

full#5 

4±7 

51  ±39 

390  ±246 

1,223  ±661 

full#6 

8±16 

103  ±62 

599  ±379 

1,467  ±949 

DBD#10 

16±ll 

147±98 

479+228 

1,736  ±1,138 

TAD#53 

8±16 

49  ±51 

357  ±277 

1,618  ±1,004 

VP16full#l 

22±13 

76  ±62 

630  ±516 

1,553  ±973 

VP16full#7 

7±8 

93  ±87 

255  ±245 

1,197  ±1,056 
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Figure  5:  Induction  of  the  dominant  inhibitory  Ets2  construct  or  the  activating  con¬ 
structs  Ets2  or  VP16Ets2  clearly  leads  to  loss  of  anchorage-independent  growth  in  soft 
agar.  A)Westem  blot  of  inducible  NIH  3T3  cells  or  MDA-MB-435  cells  that  were  generated 
using  the  Clontech  tet-on  system.  Cells  were  stimulated  with  Doxicycline  overnight.  B)  Soft 
agar  assays  of  MDA-MB-435  cells  containing  inducible  Ets2  proteins. 
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Figure  6:  Soft  agar  colony  formation  of  Figure  7:  Soft  agar  and  attached  growth  of 
individual  stable  MDA-MB-435  clones  MDA-MB-435  cells  incubated  with  PD098059 
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Figure  8.  Effects  of  Ets2  or  EtslDBD  on  motility  and  invasion  of  MDA-MB-435  cells 

(A)  Motility  assay  of  the  indicated  stable  clones,  measuring  the  ability  of  cells  to  traverse  uncoated  filter 
inserts  in  24  hours.  The  migration  rate  of  the  MDA-MB-435  control  cell  line  and  the  indicated  stable  cell 
lines  are  shown.  Values  shown  are  the  mean  of  triplicates,  (b)  In  vitro  invasion  assays  of  the  indicated  sta¬ 
ble  MDA-MB-435  clones  were  performed  using  invasion  chambers  coated  with  Matrigel.  The  invasion 
rate  of  represents  the  average  of  triplicates  . 
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Figure  9:  Ets-dependent  transcription  in 
MDA-MB-435  cells.  MDA-MB-435  mammary 
tumor  cell  lines  were  transfected  with  either  a  minimal 
promoter-containing  A56Fos-Luc  reporter,  or  this 
reporter  with  multiple  Ets2  binding  sites  (E.36)  or  mul¬ 
tiple  Ets-AP-1  elements  (Py2).  Also  included  was 
either  pCIN4  expression  vector,  or  this  vector  express¬ 
ing  Ets2DBD  or  full-length  Ets2.  Fold  activation  is  the 
activation  of  the  reporter  gene  by  Ets2  or  Ets2DBD 
compared  to  pCIN. 


Figure  10:  cDNA  array  to  compare  the  cDNA  expression  pattern  of  parental 
MDA-MB-435  cells  (left)  to  MDA-MB-435  cells  overexpressing  Ets2DBD  (right) 
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KEY  RESEARCH  ACCOMPLISHMENTS 

(A)  Stable  expression  of  different  activating  or  dominant  inhibitory  Ets2  constructs 
leads  to  loss  of  anchorage  independent  growth  of  Ras-transformed  NIH  3T3  (DT-3T3) 
cells  and  of  a  human  breast  cancer  cell  line  MDA-MB-435. 

(B)  The  reversion  activity  of  the  introduced  Ets2  constructs  correlate  with  their 
expression  level  in  the  individual  stable  clones  in  both  of  the  cell  types. 

(C)  Overexpression  of  full-length  Ets2,  the  Ets2DBD  but  not  Ets2TAD  leads  to 
morphological  reversion  of  DT-3T3  cells  and  stress  fiber  reorganization. 

(D)  The  Ets2  (thr72)  residue  is  not  required  for  the  reversion  activity  in  DT-3T3  cells. 

(E)  Ets2  constructs  act  downstream  of  MAP  kinase  activation. 

(F)  PD098059,  a  MAPK  inhibitor  has  no  effect  on  the  reversion  of  the  transfomed 
phenotype  of  DT-3T3  cell.  In  contrast,  even  very  low  amounts  of  this  inhibitor  abolishes 
soft  agar  and  attached  growth  of  MDA-MB-435  cells. 

(G)  Overexpression  of  Ets2,  VP16Ets2  or  Ets2DBD  leads  to  a  substantial  delay  in 
tumor  formation  in  vivo. 

(H)  The  in  vitro  invasiveness  of  MDA-MB-435  mammary  tumor  cells,  but  not  their 
motility,  is  strongly  reduced  by  expression  of  either  Ets2  or  just  the  Ets2DBD. 

(I)  Analysis  of  changes  in  gene  expression  in  MDA-MB-435  cells  which  lost  their 
anchorage-independence  and  in  vitro  invasiveness  upon  expression  of  Ets2  constructs  has 
identified  changes  of  potential  biological  significance,  including  altered  expression  of 
matrix  metalloproteinase  components  and  of  a  cell  cycle  inhibitory  protein. 
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SUMMARY  AND  CONCLUSIONS 

During  the  funding  period  I  achieved  considerable  progress  in  all  three  objectives.  My 
initial  analysis  of  analyzing  the  effect  of  overexpressing  dominant  inhibitory  or  activating 
Ets2  constructs  in  Ras-transformed  NIH-3T3  model  cells  turned  out  to  be  much  more 
time  consuming  than  initially  anticipated.  However,  many  of  the  findings  in  this  model 
system  subsequently  were  found  to  also  apply  to  breast  tumor  cell  lines.  I  found  that 
overexpression  of  either  activating  or  dominant  inhibitory  mutants  of  Ets2  are  both  able 
to  reverse  the  transformed  phenotype  of  the  Ras-transformed  murine  cell  lines.  The 
parameters  tested  included  anchorage-independent  growth  in  soft  agar,  reorganization  of 
stress  fibers,  reduced  saturation  densities,  and  delayed  tumor  formation  in  nude  mice.  In 
addition,  I  tested  the  effect  of  overexpressing  a  more  specific  inhibitor,  the  Ets2TAD, 
that  does  not  bind  DNA.  This  inhibitor  had  more  distinct  effects  on  the  transformed 
phenotype  of  the  DT-3T3  cells.  Ovefexpression  lead  to  loss  of  anchorage  independent 
growth  in  soft  agar,  but  in  contrast  to  full-length  Ets2  or  Ets2DBD,  did  not  influence 
morphology  and  stress  fiber  formation.  These  data  suggest,  that  the  function  of  Ets2  on 
anchorage  independent  growth  and  cell  morphology  are  separable.  The  phosphorylation 
site  thr72,  which  we  found  is  essential  for  Ras-mediated  increase  in  Ets2  transactivation 
activity  (4,18,22)  was  not  essential  for  the  reversion  activity  of  Ets2  in  the  assays 
performed.  Overall,  the  results  of  my  published  studies  with  the  Ras  transformed  murine 
cells  (19)  yielded  several  new  insights  into  the  role  of  Ets  transcription  factors  in  cellular 
transformation. 

To  test  the  effect  of  the  dominant  inhibitory  or  activating  Ets2  constructs  on 
human  breast  tumor  cell  lines,  I  established  MDA-MB-435  cell  lines  overexpressing  Ets2 
or  Ets2DBD.  In  these  breast  tumor  cell  lines,  moderate  overexpression  of  Ets2  led  to 
reversion,  but  high  level  Ets2  expression  appeared  to  block  cell  growth  or  survival.  In 
earlier  studies  it  had  been  hypothesized  that  the  downregulation  of  Ets  dependent 
transcription  by  overexpressing  dominant  inhibitory  mutants  of  Ets  block  transcription  of 
these  genes  that  are  responsible  for  the  transformation  status  of  these  cells  (20).  It  is 
therefore  somewhat  unexpected  that  an  activating  construct  like  full-length  Ets2  or  VP16 
Ets2  showed  strong  reversion  activity.  In  DT-3T3  cells,  the  VP16Ets2  construct  showed 
the  strongest  reversion  potential  in  vitro  and  in  vivo.  Because  I  was  not  able  to  establish 
MDA-MB-435  cells  stably  overexpressing  VP16Ets2, 1  generated  a  MDA-MB-435  cell 
line  that  carried  an  inducible  VP16Ets2  protein.  I  tested  this  line,  together  with  MDA- 
MB-435  carrying  inducible  full-length  Ets2  or  Ets2DBD  in  soft  agar  assays.  All  the  cell 
lines  tested,  lost  their  ability  to  grow  in  soft  agar  upon  induction  of  the  various  Ets2 
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constructs,  indicating  that  either  activation  or  inhibition  of  Ets-dependent  gene  expression 
could  inhibit  anchorage-independent  growth. 

Overexpression  of  either  full-length  Ets2  or  Ets2DBD  in  MDA-MB-435  cells  also 
had  profound  effects  on  their  migration  and  invasion  behavior.  Expression  of  either  full- 
length  Ets2  or  Ets2DBD  lead  to  an  increase  of  motility  of  the  MDA-MB-435  cells.  In 
contrast,  overexpression  of  either  protein  lead  to  a  drastic  decrease  of  invasion.  These 
quite  dramatic  data  of  altered  growth  regulation  and  invasiveness  led  me  to  focus  on  the 
cellular  targets  of  altered  Ets  function.  Changes  in  potential  direct  target  genes  consistent 
with  altered  growth  (e.g.  p21**^''‘'’)  and  invasiveness  (e.g.  MMP3,  TIMPl)  were 
identified,  and  will  form  the  basis  for  future  mechanistic  analysis  of  Ets  target  genes  in 
these  processes. 

Overall,  I  have  used  the  Ets2  constructs  as  a  tool  to  analyze  and  charactenze  the 
role  of  Ets  proteins  in  cellular  transformation.  These  studies  show,  that  altering  Ets 
activity  by  inhibiting  or  activating  Ets-dependent  transcription  can  reverse  Ras-mediated 
cellular  transformation  in  fibroblasts.  In  addition,  I  found  that  the  transformed  behavior 
of  the  human  breast  cancer  cell  line  MDA-MB-435  is  similarly  dependent  on  the  balance 
of  Ets  factors  in  these  cells.  Finally,  this  analysis  has  lead  to  the  identification  of  some 
potential  important  downstream  targets  of  Ets  signaling  in  breast  cancer,  which  may 
contribute  to  finding  more  specific  therapeutic  approaches  in  treating  breast  cancers. 
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Ets  transcription  factors  are  important  downstream 
targets  of  oncogenic  Ras.  The  transcriptional  activity  of 
several  Ets  family  members  is  regulated  by  Ras,  and 
interfering  with  Ets-dependent  transcription  by  expres¬ 
sion  of  just  the  Ets2  DNA  binding  domain  can  inhibit  or 
reverse  Ras-mediated  cellular  transformation.  To  better 
understand  the  role  of  Ets  proteins  in  Ras  transforma¬ 
tion,  we  have  now  analyzed  the  effects  of  stably  express¬ 
ing  a  variety  of  Ets2  constructs  in  Ras-transformed 
NIH3T3  (DT)  cells.  Expression  of  only  the  Ets2  transac¬ 
tivation  domains,  which  also  inhibits  Ras  or  Neu/ErbB- 
2-mediated  activation  of  Ets-dependent  transcription, 
strongly  inhibited  anchorage-independent  growth,  but 
did  not  revert  the  transformed  DT  cell  morphology.  Un¬ 
expectedly,  high  expression  of  full-length  Ets2,  a  tran¬ 
scriptional  activator,  broadly  reversed  the  transformed 
properties  of  DT  cells,  including  anchorage-independ¬ 
ent  growth,  transformed  morphology,  and  tumorigenic- 
ity,  but  did  not  impair  attached  cell  growth.  Increasing 
full-length  Ets2  transcriptional  activity  by  fusing  it  to 
the  VP16  transactivation  domain  enhanced  its  ability  to 
reverse  DT  cell  transformation.  Mutational  analysis  re¬ 
vealed  that  the  mitogen-activated  protein  kinase  phos¬ 
phorylation  site  required  for  Ras-mediated  activation, 
Ets2(T72),  was  not  essential  for  Ets2  reversion  activity. 
The  distinct  reversion  activities  of  the  highly  expressed 
Ets2  transactivation  domains  or  full-length  Ets2,  along 
with  the  specific  reversion  activity  by  Ets2  constructs 
that  either  inhibit  or  activate  Ets-dependent  transcrip¬ 
tion,  suggests  multiple  roles  for  Ets  factors  in  cellular 
transformation.  These  results  indicate  that  several  dis¬ 
tinct  approaches  for  modulating  Ets  activity  may  be 
useful  for  intervention  in  human  cancers. 


Ets2  is  one  of  the  founding  members  of  the  Ets  transcription 
factor  family,  which  are  characterized  by  a  conserved  DNA 
binding  motif  called  the  ETS  domain  (1).  There  are  now  over  30 
known  members  of  the  Ets  family,  foimd  in  species  ranging 
from  humans  to  Caenorhabditis  elegans  (2).  The  mouse  and 
human  Ets2  genes  were  initially  identified  through  extended 
similarity  to  chicken  v-ets  (3,  4).  c-ets2  gene  is  ubiquitously 
expressed  in  mouse  embryonic  and  adult  tissues  (5).  One  evo- 
lutionarily  conserved  role  of  many  Ets  proteins  is  their  function 
as  downstream  mediators  of  the  Ras  signal  transduction  path- 


*  This  work  was  supported  by  National  Institutes  of  Health  Grant 
CA63130  (to  C.  A.  H.)  and  postdoctoral  fellowships  (to  G.  F.  and  J.  G.- 
R.)  from  the  Deutsche  Forschungsgemeinschaft  and  the  Spanish  Min¬ 
istry  of  Education,  respectively.  The  costs  of  publication  of  this  article 
were  defrayed  in  part  by  the  pa3nnent  of  page  charges.  This  article  must 
therefore  be  hereby  marked  **advertisemenC  in  accordance  with  18 
U.S.C,  Section  1734  solely  to  indicate  this  fact. 

tTo  whom  correspondence  should  be  addressed:  La  Jolla  C2incer 
Research  Center,  The  Burnham  Institute,  10901  N.  Torrey  Pines  Rd., 
La  JoUa,  CA  92037.  Tel.:  619-646-3119;  Fax:  619-646-3192;  E-mail: 
chauser@ljcrf.edu. 


way.  The  Drosophila  Ets  proteins  Pointed  P2,  a  transcriptional 
activator,  and  Yan,  a  transcriptional  repressor,  are  targets  of 
Ras  signaling  (6-8).  Ets2  and  several  other  mammalian  Ets 
proteins  contain  a  region  of  homology  with  Drosophila  Pointed 
P2  distinct  from  the  Ets  domain,  called  the  Pointed  domain  (9). 
Ras-mediated  signaling  through  Pointed  P2  requires  a  threo¬ 
nine  residue  within  a  MAP^  kinase  recognition  site  in  the 
Pointed  domain  (6,  7).  A  corresponding  MAP  kinase  recognition 
sequence  is  also  found  in  the  Ets2  pointed  domain.  We  previ¬ 
ously  showed  that  phosphorylation  of  this  corresponding  Ets2 
(T72)  residue  is  essential  for  Ras-  or  Neu/ErbB-2-mediated 
activation  of  Ets2  transactivation  activity  (10,  11),  and  that 
Ras  signaling  to  Ets2  takes  place  through  the  Ras/RafMEK/ 
MAPK  pathway  (12). 

Several  lines  of  evidence  suggest  that  not  only  are  Ets  pro¬ 
teins  targets  of  Ras  signaling,  but  that  Ets  factors  play  an 
important  role  in  mediating  cellular  transformation.  Initial 
characterization  of  several  oncogene-responsive  promoter  ele¬ 
ments  revealed  that  adjacent  Ets  and  AP-1  binding  sites  me¬ 
diate  their  oncogene  responsiveness,  and  that  both  the  Ets  and 
AP-1  binding  sites  are  essential  for  induction  by  the  activated 
non-nuclear  oncogenes  (13,  14).  Similar  elements  have  since 
been  foimd  in  the  promoters  of  many  genes,  and  where  it  has 
been  tested,  Ets2  can  cooperate  with  AP-1  family  members  and 
Ras  to  activate  their  transcription.  The  products  of  these  Ras- 
induced  genes  have  a  wide  spectrum  of  functions,  including 
roles  in  cellular  metabolism,  growth  control,  £ind  metastasis 
(15-17).  There  is  a  good  correlation  between  the  abihty  of 
various  non-nuclear  oncogenes  to  activate  the  transcription  of 
reporter  genes  containing  adjacent  Ets  and  AP-1  binding  sites, 
and  their  ability  to  transform  rodent  fibroblasts  (2,  14,  15,  18). 
Although  Ets  binding  sites  in  oncogene-responsive  promoter 
elements  are  often  found  adjacent  to  binding  sites  for  the  Ras 
activated  AP-1  family  of  transcription  factors,  Ets2  is  a  distinct 
target  of  Ras  signaling.  We  previously  showed  that  two  adja¬ 
cent  Ets2  consensus  binding  sites,  similar  to  those  found  in  the 
stromelysin  promoter  (13),  are  sufficient  to  confer  both  Ets2 
and  Ras  responsiveness  to  a  minimal  promoter  (10, 19).  Despite 
initial  reports  indicating  that  high  level  expression  of  Etsl  or 
Ets2  in  NIH3T3  cells  could  give  rise  to  infrequent  transformed 
colonies  (20,  21),  there  has  been  Httle  subsequent  evidence  to 
suggest  that  simply  increasing  the  amoimt  of  Etsl  or  Ets2 
proteins  is  sufficient  for  cellular  transformation.  However,  the 
necessary  role  of  Ets  proteins  in  fibroblast  transformation  has 
been  revealed  by  inhibition  experiments,  where  expression  of 
the  Ets2  DNA  binding  domain  alone  was  found  to  inhibit  on¬ 
cogenic  Ras-  or  Neu-mediated  cellular  transformation  (11,  22). 
In  addition,  expression  of  the  Etsl,  Ets2,  or  PU.l  DNA  binding 
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domains  was  shown  to  reverse  the  transformed  phenotype  of 
stably  Ras-transformed  fibroblasts  (23).  Importantly,  the  ex¬ 
pression  of  these  presumptive  dominant  inhibitory  Ets  mu¬ 
tants  did  not  impair  normal  cell  growth  in  these  studies,  sug¬ 
gesting  that  altering  Ets  activity  may  be  an  approach  to 
specifically  reverse  the  transformed  phenot3T3e. 

Because  Ets  family  proteins  bind  to  similar  DNA  sequences 
centered  about  a  conserved  GGAA/T  core  (2),  it  is  likely  that 
high  level  expression  of  the  ETS  domain  from  Ets2  inhibits  the 
binding  aind  function  of  many  members  of  the  Ets  family.  This 
idea  was  supported  by  the  finding  that  expression  of  the  ETS 
domain  of  either  of  two  of  the  most  divergent  Ets  family  mem¬ 
bers,  Etsl  or  PU.l,  could  reverse  Ras  transformation  (23). 
Thus,  studies  utilizing  high  expression  of  ETS  domains  do  not 
identify  which  individual  Ets  family  members  are  actually 
important  in  cellular  transformation.  In  addition,  although 
most  Ets  factors  are  associated  with  transcriptional  activation 
(2),  several  widely  expressed  Ets  proteins  including  ERF, 
SAP2/NET,  and  TEL  have  been  reported  to  be  negative  regu¬ 
lators  of  transcription  (24-26).  Thus,  it  is  possible  that  the 
dominant  inhibitory  mutants  do  not  inhibit  transformation  by 
blocking  Ets-dependent  transcriptional  activation,  but  instead 
may  be  overcoming  transcription  inhibition  by  Ets  family 
repressors. 

To  further  analyze  the  role  of  Ets  proteins  in  cellular  trans¬ 
formation,  we  have  generated  a  number  of  Ets2  expression 
constructs,  which  can  inhibit  or  activate  Ets-dependent  tran¬ 
scription,  and  tested  their  ability  to  reverse  several  criteria  of 
the  transformed  phenotype  when  stably  expressed  in  Ras- 
transformed  mouse  fibroblasts.  To  more  specifically  target 
Ets2,  which  is  expressed  in  the  Ras-transformed  DT  cells  used 
in  this  analysis  (27),  we  have  used  an  expression  construct  for 
the  Ets2  transactivation  domains  without  the  ETS  domain.  We 
previously  showed  that  expression  of  the  Ets2  transactivation 
domains  inhibits  activation  of  Ets-dependent  transcription  by 
either  oncogenic  Ras  or  Neu/ErbB-2  (11).  This  Ets2  construct 
contains  extensive  homology  only  with  Etsl,  as  well  as  more 
limited  homology  with  other  members  of  the  Pointed  domain 
subfamily  of  Ets  proteins.  We  show  here  that  expression  of 
either  the  Ets2  DNA  binding  domain  or  the  Ets2  transactiva¬ 
tion  domains  can  inhibit  Ras-mediated  anchorage-independent 
growth,  but  these  two  constructs  do  not  behave  identically  in 
reversing  other  features  of  the  transformed  phenotype.  Some¬ 
what  unexpectedly,  we  also  foimd  that  elevated  expression  of 
full-length  Ets2  phenotjrpically  reverts  DT  cell  transformation, 
and  that  expression  of  a  construct  that  artificially  increases  the 
transactivation  activity  of  full-length  Ets2  is  even  more  effi¬ 
cient  in  reversing  the  Ras-transformed  phenot3q)e. 

MATERIALS  AND  METHODS 

Cell  Growth  and  Selection — ^The  DT  cell  line  is  a  Ras-transformed 
NIH  3T3  cell  line  originally  transformed  by  integration  of  two  separate 
copies  of  the  Kirsten  murine  sarcoma  virus  carrying  the  v-Ki-Ras  gene 
(28).  The  DT  cells  were  kindly  provided  by  Dr.  Y.  S.  Cho-Chung  (Na¬ 
tional  Cancer  Institute,  National  Institutes  of  Health).  DT  cells  were 
grown  in  DMEM  supplemented  with  10%  fetal  calf  serum,  and  NIH  3T3 
cells  were  grown  in  DMEM  supplemented  with  10%  calf  serum..  Stable 
DT  cell  lines  were  generated  by  transfection  using  the  calcium  phos¬ 
phate  precipitation  method  we  previously  described  (56),  except  that, 
for  a  60-mm  dish,  3  fig  of  pCIN-derived  expression  plasmid  DNA  and  12 
fig  of  high  molecular  weight  herring  sperm  carrier  DNA  were  used. 
Stable  colonies  were  selected  3  days  sifter  transfection  using  medium 
containing  400  /xg/ml  active  G418  (Calbiochem).  Multiple  isolated  DT 
cell  clones  derived  from  each  expression  plasmid  were  randomly  picked, 
then  expanded  and  passaged  in  the  presence  of  400  p.g/ml  G418  for 
subsequent  analysis. 

Plasmids— The  pCIN4  mammalian  expression  vector  used  for  all  of 
the  constructs  is  a  derivative  of  the  pCIN  plasmid  (30),  and  was-kindly 
provided  by  Steve  Rees  (Glaxo  Wellcome).  This  vector  is  based  on 
pcDNA3  (Invitrogen)  and  utilizes  the  CMV  enhancer/promoter  to  ex¬ 


press  an  inserted  coding  sequence,  which  is  linked  by  a  viral  internal 
ribosome  entry  site  (IRES)  to  the  neomycin  phosphotransferase  gene. 
We  have  previously  described  the  construction  of  pcDNA3-based  mouse 
Ets2  expression  constructs  (FN-Ets2)  for  full-length  wild  type 
Ets2(T72),  Ets2(A72),  Ets2TAD,  Ets2DBD,  and  the  empty  FNpcDNA3 
(11).  These  constructs  all  include  the  FN  sequence,  a  20-residue  N- 
terminal  sequence  containing  the  FLAG  epitope  tag  followed  by  an 
SV40  nuclear  localization  signal.  The  FN  sequence  was  found  not  to 
alter  the  activity  of  full-length  Ets2  (11).  To  generate  the  pCIN-Ets2 
expression  constructs,  we  exchanged  the  CMV  enhancer/promoter  and 
FN-Ets2  coding  sequences  contained  in  an  Nrul-Notl  fragment  of  the 
FN  Ets2  constructs,  with  the  NruhNotl  fragment  containing  the  pCIN4 
CMV  enhancer/promoter  up  to  the  Notl  site  in  the  pCIN4  polylinker. 
The  resulting  pCIN-Ets2  constructs  (from  5'  to  3')  contained  a  consen¬ 
sus  translational  start,  the  FLAG  and  SV40  NLS  sequences  fused  to  the 
Ets2  coding  sequences,  a  splice  site,  an  IRES,  the  neomycin  phospho¬ 
transferase  gene,  and  a  poly(A)  signal.  The  VP-16-containing  constructs 
were  generated  using  standard  polymerase  chain  reaction  methods  to 
insert  VP16  residues  410-479  in-frame  as  a  BamHhBglll  fragment 
into  the  BamHI  site  at  the  junction  of  the  FLAG/NLS  and  the  Ets2 
coding  sequences  in  FN-Ets2,  or  into  the  BamHl  site  of  empty 
FNpCDNAS  vector.  These  sequences  were  then  transferred  to  pCIN4  as 
described  above. 

The  reporter  plasmid  A56FosdE-luc  is  the  same  as  the  modified 
minimal  fos  promoter-containing  A56FosdE-CAT  reporter  we  previ¬ 
ously  described  (19),  except  that  the  coding  sequence  of  CAT  was  re¬ 
placed  by  that  of  luciferase.  The  CAT  coding  sequence  of  A56  FosdE- 
CAT  was  removed  by  digestion  with  Nael+EcoRl  and  replaced  with  a 
H/ndlll-Smal  fragment  containing  the  luciferase  coding  sequence  from 
LA5'pJD204  (57).  Both  the  vector  (EcoRI)  and  insert  (Hindlll)  sites 
were  blunted  prior  to  ligation.  Similarly,  the  E.18-luc  and  Py2-luc 
reporters  were  constructed  as  described  previously  (10),  except  that  file 
E.18pal  oligonucleotide  (two  adjacent  Ets2  binding  sites  in  inverted 
orientation)  or  two  copies  of  the  Py  oligonucleotide  (the  adjacent  Ets 
and  AP-1  binding  sites  from  the  polyoma  enhancer)  were  inserted  into 
A56FosdE-luc  instead  of  A56FosdE-CAT. 

Soft  Agar! Attached  Growth  Assay — Soft  agar  assays  were  essen¬ 
tially  performed  as  described  previously  (31).  Either  500  or  1000  cells 
were  plated  in  60-mm  dishes  in  1.5  ml  of  medium  containing  0.33% 
agar,  which  was  overlaid  onto  7  ml  of  solidified  medium  containing  0.5% 
agar.  The  medium  used  for  soft  agar  assays  was  DMEM  +  10%  fetal  calf 
serum,  and  did  not  contain  G418.  The  soft  agar  plates  were  fed  with  0.5 
ml  of  medium  every  5—7  days,  and  after  14  days,  the  cells  were  stained 
overnight  (at  37'*  and  5%  COg)  with  the  vital  dye p-iodonitrotetrazolium 
violet,  and  then  counted.  The  p-iodonitrotetrazohum  violet  (Sigma)  was 
prepared  as  a  10  mg/ml  stock  solution  in  ethanol,  then  diluted  with  PBS 
to  1  mg/ml,  and  0.5  ml  of  this  diluted  solution  was  added  to  each  dish. 
In  parallel  to  each  soft  agar  assay,  an  attached  growth  assay  was 
performed,  where  100  cells  from  the  same  cell  dilutions  were  plated  on 
standard  tissue  culture  dishes  and  grown  for  7  days.  The  resulting 
attached  colonies  were  stained  with  crystal  violet  and  coimted.  The 
number  of  soft  agar  colonies  for  each  cell  line  was  then  normalized  by 
midtiplying  by  the  ratio  (attached  colonies  from  DT  cells)/(attached 
colonies  from  the  cell  line)  in  the  same  experiment. 

Actin  Staining  and  Immunoblots — ^Actin  filaments  were  visualized 
by  growing  the  cells  on  glass  coverslips  and  staining  the  cells  with 
rhodamine-conjugated  phalloidin  (Molecular  Probes,  Inc.)  as  recom¬ 
mended  by  the  manufacturer.  The  FLAG  epitope-tagged  Ets2  proteins 
and  the  ^s  proteins  were  detected  in  immvmoblots  using  the  anti- 
FLAG  M5  monoclonal  antibody  (Eastman  Kodak  Co.),  and  the  pan-Ras 
AB-4  (Calbiochem),  respectively.  Primary  antibody  binding  was  visual¬ 
ized  using  the  Phototope-HRP  Western  blot  detection  kit  (New  England 
BioLabs)  and  BioMax  film  (Eastman  Kodak  Co.). 

Reporter  Gene  Assays — Transfection  and  reporter  gene  assays  were 
performed  as  we  described  previously  (58).  In  brief,  12-well  dishes  of 
50%  confluent  DT  cells  were  transfected  by  the  calcium  phosphate 
method,  using  0.5  fig  of  reporter  plasmid,  0.25  fig  of  pCIN4-derived 
Ets2  expression  constructs,  and  5  fig  of  sheared  herring  testis  carrier 
DNA  for  each  well.  Sixteen  hours  following  transfection,  the  growth 
medium  was  replaced  with  medium  containing  0.5%  calf  serum,  and  the 
cells  were  incubated  for  an  additional  28  h  before  harvest.  Luciferase 
activity  was  quantitated  using  a  Berthold  Microlumat  LB  96P  lumi- 
nometer.  Transfection  efficiency  and  nonspecific  effects  were  controlled 
as  we  described  (58),  by  analyzing  multiple  replicates  (standard  devia¬ 
tions  are  shown),  and  by  demonstrating  lack  of  effect  in  parallel  on 
A56FosdE-luc,  a  non-Ets-dependent  reporter. 

MARK  and  RNase  Protection  Assays — ^The  immune  complex  MAP 
kinase  assays  were  performed  essentially  as  described  (59),  using  50  fig 
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Fig.  1.  Schematic  diagram  of  Ets2  coding  sequences  in  the 
expression  constructs  used  to  generate  stable  DT  cell  lines.  The 
ETS  domain  is  indicated  by  cross-hatches,  and  the  remaining  Ets2 
coding  sequences  by  black  bar.  The  N-terminal  FLAG  epitope  tag  and 
SV40  nuclear  localization  signal  are  shown  by  the  white  box.  Brackets 
denote  the  Ets2  transactivation  domains  (Ets2TAD)  and  DNA  binding 
domain  iEts2DBD).  Where  present,  the  Ets2(T72A)  mutation  is  indi¬ 
cated,  and  the  added  VP16  transactivation  domain  is  indicated  by 
vertical  stripes. 


of  total  cell  extract  protein  and  the  ERKl  C-16-G  antibody  (Santa  Cruz 
Biotechnology).  The  precipitated  MAPK  bound  to  this  antibody  and 
protein  G-Sepharose  (Amersham  Pharmacia  Biotech)  was  incubated 
with  buffer  containing  [-y^^jATP  and  10  /ig  of  myelin  basic  protein 
(Sigma).  The  entire  reaction  mix  was  then  subjected  to  SDS-polyacryl- 
amide  gel  electrophoresis,  and  radiolabeled  myelin  basic  protein  was 
detected  by  autoradiography  and  quantitated  using  a  phosphorimager 
(Bio-Rad).  RNase  protection  assays  were  performed  as  described  (60) 
and  a  probe  for  the  L32  ribosomal  protein  L32  mRNA  was  included  as 
an  internal  standard  as  described  (61).  The  Ets2  RNase  protection 
probe  was  generated  by  SP6  RNA  polymerase  transcription  of  the 
Ndel-oii  FN-Ets2(l-100)  construct,  which  contains  the  FLAG/NLS  cod¬ 
ing  sequences  fused  to  the  Ets2  coding  sequence  from  amino  acids 

1- 100.  This  800-base  probe  protects  300  bases  of  the  endogenous  Ets2 
message  and  416  bases  of  the  introduced  FN-Ets2  message. 

Tumorigenicity  Assay — Stable  cell  lines  grown  under  G418  selection 
were  trypsinized,  wsished  with  PBS,  and  counted  using  a  hemoc3rtom- 
eter.  Then,  5  x  10®  cells  in  0.1  ml  of  PBS  were  subcutaneously  injected 
into  both  the  right  and  left  dorsal  flanks  of  4-week-old  nude  mice.  At 

2- day  intervals,  the  tumors  were  measured  externally  by  caliper,  and 
the  average  of  the  tumor  length  and  width  was  estimated  to  be  the 
tumor  diameter,  d.  No  tumors  were  detected  on  day  2.  The  approximate 
tumor  volume  was  calculated  using  the  formula  V  —  (ir/O)  (d)®.  For  each 
cell  hne,  6-8  tumors  were  generated  (in  both  flanks  of  3-4  mice)  and 
measured  over  the  indicated  time.  The  average  tumor  volume  (in  mm®) 
was  then  calculated.  The  statistical  analysis  of  tumor  growth  was 
performed  by  comparing  the  individual  volumes  of  the  6—8  tumors 
derived  from  each  cell  line  relative  to  that  of  tumors  from  DT  cells 
containing  the  empty  expression  vector  pCIN#5,  using  a  two-tailed, 
impaired  t  test. 


RESULTS 

Generation  of  Stable  Ets-expressing  DT  Cell  Lines — Th^  find¬ 
ings  that  high  expression  of  the  Ets2  DNA  binding  domain  can 
block  oncogene-mediated  cellular  transformation  (11,  22)  and 
can  also  reverse  the  transformed  phenot3q)e  of  Ras-trans- 
formed  fibroblasts  (23)  indicate  that  Ets  protein  function  is 
important  in  cellular  transformation.  To  better  characterize 
the  role  of  Ets  proteins  in  Ras-mediated  cellular  transforma¬ 
tion,  a  variety  of  Ets2  expression  constructs  were  generated, 
including  expression  constructs  for  full-length  Ets2,  the  Ets2 
transactivation  domains  (Ets2TAD),  and  the  Ets2  DNA  bind¬ 
ing  domain  (Ets2DBD).  A  schematic  diagram  of  these  con¬ 
structs  is  shown  in  Fig.  1.  The  ability  of  these  Ets2  expression 
constructs  to  reverse  Ras-mediated  transformation  was  ana¬ 
lyzed  in  stable  clones  generated  in  the  DT  cell  line,  a  v-Ki-Ras- 
transformed  derivative  of  mouse  NIH3T3  fibroblasts  (28).  This 
doubly  transformed  (DT)  cell  line  is  well  suited  for  reversion 


analysis  due  to  its  low  rate  of  spontaneous  reversion  (29).  To 
improve  the  frequency  of  individual  stable  drug-resistant  colo¬ 
nies  expressing  high  levels  of  the  Ets2  constructs,  we  used  the 
pCIN4  vector  (30).  This  plasmid  contains  an  IRES  and  gener¬ 
ates  a  bicistronic  message  with  the  inserted  upstream  (Ets2) 
coding  sequences  at  the  5'  side  of  the  mRNA  linked  by  the  IRES 
to  the  3'  neomycin  phosphotransferase  gene.  Because  both 
genes  are  present  on  a  single  mRNA,  any  G418-resistant  colo¬ 
nies  derived  with  this  vector  should  express  moderate  to  high 
levels  of  the  upstream  Ets2  coding  sequences.  Indeed,  as  was 
reported  for  the  serotonin  receptor  (30),  we  found  a  dramatic 
increase  in  the  number  of  pCIN-derived  stable  colonies  detect- 
ably  expressing  Ets2  constructs,  relative  to  that  seen  using  the 
parental  pcDNA3  vector  (data  not  shown),  and  nearly  all  of  the 
cell  lines  had  clearly  visible  expression  of  the  introduced  gene 
products  (see  below).  This  high  frequency  of  cell  lines  express¬ 
ing  the  introduced  Ets2  constructs  allowed  us  to  directly  ana¬ 
lyze  the  phenotype  of  stable  clones,  without  preselecting  for 
adherent  revertants  as  was  described  previously  for  the  Ets2 
DNA  binding  domain  (23).  For  the  analysis  described  below, 
multiple  individual  stable  DT  cell  clones  generated  with  each 
Ets2  expression  construct  or  control  plasmid  were  randomly 
picked,  expanded,  and  assayed  for  alterations  in  the  trans¬ 
formed  phenotype  and  for  expression  of  the  introduced  gene 
product. 

Expression  of  Full-length  Ets2,  Ets2TAD,  or  Ets2DBD  Inhib¬ 
its  Anchorage-independent  Growth  of  DT  Cells — The  abOity  of 
fibroblasts  to  grow  in  an  anchorage-independent  manner  is  a 
hallmark  of  cellular  transformation,  and  is  the  best  in  vitro 
assay  for  predicting  malignant  tumorigenicity  in  vivo  (31). 
NIH3T3  cells  are  unable  to  grow  in  soft  agar,  whereas  the 
Ras-transformed  DT-3T3  cells  plate  quite  efficiently  in  soft 
agar.  This  assay  was  used  to  analyze  the  capacity  for  anchor¬ 
age-independent  growth  of  individual  DT  cell  clones  trans¬ 
fected  with  either  empty  pCIN  vector  or  the  pCIN-Ets2  expres¬ 
sion  constructs  schematically  shown  in  Fig.  1.  The  results  of 
this  analysis  are  shown  in  Fig.  2A.  None  of  the  five  independent 
cell  lines  derived  with  the  empty  pCIN  expression  vector  dis¬ 
played  significantly  reduced  growth  in  soft  agar  relative  to  the 
parental  DT  cells,  but  surprisingly,  7/11  of  the  cell  lines  derived 
with  fidl-length  Ets2  showed  a  greater  than  a  4-fold  reduction 
in  soft  agar  growth.  This  high  frequency  of  reversion  seen  in 
randomly  picked  Ets2-expressing  cell  lines  virtually  excludes 
the  possibility  that  a  secondary  mutation  is  required  for 
reversion.  The  majority  of  clones  derived  with  the  Ets2TAD, 
which  lacks  the  Ets2  DNA  binding  domain,  also  showed 
significantly  reduced  anchorage-independent  growth.  Finally, 
similar  to  a  previous  report  (23),  several  Ets2DBD  cell  lines 
also  showed  significant  reductions  in  anchorage-independent 
growth  (Fig.  2A). 

To  examine  the  anchorage-independent  growth  of  several 
individual  clones  in  more  detail,  and  to  establish  the  reproduc¬ 
ibility  of  the  soft  agar  assay,  several  frozen  ceU  lines  were 
reestablished  and  reassayed  for  growth  in  soft  agar.  The  small 
standard  deviations  of  duplicate  samples  between  at  least  two 
different  plating  experiments  (Fig.  2B)  shows  that  the  soft  agar 
plating  assay  was  highly  reproducible.  In  addition,  these  data 
show  that  anchorage-independent  growth  in  some  cell  lines, 
such  as  Ets2full#2  or  Ets2TAD#52,  is  reduced  more  than 
10-fold. 

Ets2  Expression  Constructs  Do  Not  Inhibit  Attached  Cell 
Growth — To  determine  that  reduced  soft  agar  growth  reflected 
a  specific  loss  of  anchorage-independent  growth  and  not  im¬ 
paired  attached  cell  growth  or  errors  in  cell  counting,  cells  from 
the  same  dilution  used  for  the  soft  agar  assay  were  plated  in 
parallel  onto  normal  tissue  culture  dishes.  The  results  of  a 
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Fig.  2.  Effects  of  Et82  expression  constructs  on  anchorage- 
independent  growth.  Panel  A,  individual  stable  DT  cell  clones  de¬ 
rived  from  transfection  with  the  indicated  expression  constructs,  were 
assayed  for  their  ability  to  grow  in  soft  agar.  Growth  in  soft  agar  was 
expressed  as  percent  of  colony  formation  relative  to  the  parental  DT  cell 
line,  for  which  approximately  60%  of  the  plated  cells  formed  colonies. 
The  distribution  of  individual  clones  that  displayed  the  indicated 
ranges  of  relative  growth  in  soft  agar  is  shown.  Soft  agar  assays  were 
performed  in  triplicate,  and  parallel  attached  growth  analysis  showed 
reduced  soft  agar  growth  was  not  due  to  altered  attached  cell  growth 
rates  (see  text).  Panel  B,  analysis  of  individual  stable  clones.  Percent  of 
soft  agar  colony  formation  relative  to  DT  cells  was  calculated  by  com¬ 
parison  to  the  growth  of  the  DT  cells  in  the  same  plating  experiment. 
Data  are  averages  of  duplicates  samples  from  at  least  two  independent 
assays. 

typical  parallel  soft  agar  and  attached  growth  assay  are  shown 
in  Fig.  3A,  where  the  Ets2-expressing  lines  show  a  clear  reduc¬ 
tion  in  soft  agar  growth  but  not  in  attached  growth.  The  num¬ 
ber  of  attached  colonies  obtained  in  each  assay  was  used  to 
normalize  the  number  of  soft  agar  colonies  (see  “Materials  and 
Methods”),  but  this  normalization  caused  only  minor  changes 
in  the  results.  Although  no  clear  differences  were  seen  in  cell 
growth  rate  during  expansion  or  attached  colony  growth  of  the 
various  cell  lines,  the  attached  growth  rates  of  representative 
cell  lines  were  examined  in  more  detail.  We  found  that  the 
growth  rates  of  cell  lines  expressing  full-length  Ets2  or  the  Ets2 
TAD  were  similar  to  that  of  pCIN  only  lines  or  the  parental  DT 
cells  during  exponential  growth,  but  consistent  with  a  more 
reverted  phenotype,  the  cell  lines  generated  with  Ets2  expres¬ 
sion  constructs  exhibited  a  reduced  saturation  density  (Fig. 


Fig.  3.  Anchorage-dependent  growth  is  not  inhibited  by  Ets2 
constructs.  Panel  A,  parallel  analysis  of  anchorage-dependent  and 
-independent  growth.  The  indicated  cell  lines  were  plated  in  soft  agar 
(500  cells)  or  on  normal  tissue  culture  dishes  (100  cells),  and  were 
incubated  and  stained  as  described  under  “Materials  and  Methods.” 
Panel  B,  Ets2  expression  reduces  saturation  density,  but  not  cell  growth 
rate.  Cells  were  seeded  on  60-mm  dishes,  and  the  average  number  of 
cells  on  duplicate  plates  was  determined  after  the  indicated  number  of 
days. 

SB),  Overall,  analysis  of  attached  colony  growth  and  cell 
growth  rates  (Fig.  3,  A  and  B,  and  data  not  shown)  revealed 
that  the  cell  lines  expressing  the  Ets2  constructs  were  not 
impaired  in  attached  ceU  growth.  Together,  the  data  in  Figs.  2 
and  3  show  that  expression  of  either  full-length  Ets2  or  the 
Ets2  transactivation  domains  can  strongly  and  specifically  in¬ 
hibit  anchorage-independent  growth  of  DT  cells. 

Morphological  Reversion  of  DT  Cells  by  Expression  of  Full- 
length  Ets2  or  Ets2DBD,  but  Not  Ets2TAD — The  cell  morphol¬ 
ogy  of  stable  cell  lines  found  to  exhibit  significantly  reduced 
anchorage-independent  growth  was  examined  using  phase- 
contrast  microscopy  of  Hve  cells.  Normal  NIH3T3  cells  exhibit 
a  flat,  non-refi:actile  morphology,  whereas  the  Ras-transformed 
DT  cells  containing  empty  pCIN  expression  vector  are  spindly 
and  refractile  (Fig.  4),  as  are  the  parental  DT  cells  (data  not 
shown).  However,  we  found  that  all  of  the  full-length  Ets2  or 
the  Ets2DBD  DT  cell  lines  which  exhibited  significantly  re¬ 
duced  soft  agar  growth  were  flat  and  non-refractile.  Interest¬ 
ingly,  this  apparent  morphological  reversion  was  not  observed 
in  any  of  the  cell  lines  expressing  the  Ets2TAD,  despite  the  fact 
that  they  showed  reduced  growth  in  soft  agar.  The  morphology 
of  representative  cell  lines  is  shown  in  Fig.  4,  In  addition,  we 
analyzed  the  cytoskeletal  organization  of  the  various  ceU  lines 
after  staining  with  rhodamine-conjugated  phalloidin.  As  previ¬ 
ously  observed,  NIH3T3  cells  contained  well  organized  actin 
stress  fibers,  which  are  not  present  in  Ras-transformed  DT 
cells  (Fig.  4).  Similar  to  the  changes  in  overall  cell  morphology, 
the  actin  stress  fibers  reappeared  in  DT  cell  lines  expressing 
full-length  Ets2  or  the  Ets2DBD,  but  not  in  cells  expressing  the 
Ets2TAD  (Fig.  4).  Thus,  unlike  expression  of  full-length  Ets2  or 
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Fig.  4.  Erpression  of  Ets2,  but  not 
the  £ts2TAD  reverts  morphological 
transformation.  Cell  morphology  of 
NIH3T3  or  representative  stable  DT  cell 
lines  expressing  the  indicated  Ets2  con¬ 
structs  (or  the  empty  vector  pCIN)  was 
visualized  by  phase-contrast  microscopy. 
Actin  filaments  were  visualized  by  immu¬ 
nofluorescence  using  rhodamine-conju- 
gated  phalloidin. 


NIH3T3  pCIN#5  E2fun#5  E2DBD#10  E2TAD#52 


Cell 

niorphologjf 


Actin 
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the  Ets2DBD,  expression  of  the  Ets2  TAD  is  unable  to  cause 
reversion  of  cell  morphology  or  actin  filament  reorganization  in 
DT  cells,  indicating  that  there  are  differences  in  the  targets  of 
these  Ets2  constructs. 

The  Ets2  Thr-72  Residue  Is  Not  Required  for  Reversion  Ac- 
tivity — We  previously  showed  that  phosphorylation  of  the 
Ets2(T72)  residue  is  essential  for  the  large  Ras  pathway-medi¬ 
ated  increase  in  Ets2  transactivation  activity,  and  that  an 
Ets2(A72)  mutant  retained  basal  transcriptional  activity,  but 
lost  Ras  responsiveness  (10, 11).  To  test  the  connection  between 
Ras  signaling  to  Ets2  and  the  ability  of  expressed  Ets2  to  revert 
transformation,  we  determined  whether  expression  of 
Ets2TAD(A72)  or  full-length  Ets2(A72)  could  reverse  the  an¬ 
chorage-independent  growth  or  transformed  morphology  .of  DT 
cells.  Schematic  diagrams  of  the  pCIN  expression  constructs 
used  for  this  analysis  are  shown  in  Fig.  1.  As  described -above 
for  the  wild  type  Ets2  constructs,  multiple  independent  cell 
lines  were  derived  after  transfecting  these  expression  con¬ 
structs  into  DT  cells.  The  ability  of  individual  stable  ceU  lines 
to  grow  in  soft  agar  is  shown  in  Fig.  2A.  Although  introduction 
of  the  (A72)  mutation  caused  a  modest  reduction  in  apparent 
reversion  activity,  both  the  full-length  Ets2(A72)  and  the 
Ets2TAD(A72)  constructs  still  clearly  caused  significant  de¬ 
creases  in  anchorage-independent  growth.  The  soft  agar 
growth  analysis  of  three  cell  lines  containing  eith^  the 
Ets2TAD(A72)  (Fig.  2B)  or  the  Ets2(A72)  expression  constructs 
(Fig.  5B)  revealed  an  over  4-fold  reduction  in  anchoragQ-inde- 
pendent  growth,  indicating  that  phosphorylation  of  Ets2(T72) 
was  not  essential  for  their  reversion  activity.  As  described 
above,  parallel  plating  experiments  on  tissue  culture  dishes 
and  growth  rate  analysis  demonstrated  that  the  reduced  soft 
agar  colony  formation  in  these  cell  lines  was  not  due  to  a 
reduced  cell  growth  rate  or  altered  plating  efficiency  (data  not 
shown).  Analysis  of  the  effects  of  fhll-length  Ets2(A72)  or  the 
Ets2TAD(A72)  on  cell  morphology  and  actin  stress  fibers  re¬ 
vealed  that  these  Ala-72  constructs  had  the  same  effect  as  their 
wild  t3^e  counterparts:  the  full-length  Ets2(A72)  cell  lines  ap¬ 
peared  reverted,  and  the  Ets2TAD(A72)  cell  lines  did  not  (data 
not  shown). 

Reversion  Activity  of  Full-length  Ets2  Constructs  Correlates 
with  their  Transactivation  Activity — The  surprising  result  that 
expression  of  full-length  Ets2  could  inhibit  DT  cell  anchorage- 
independent  growth  and  reverse-trsuisformed  cell  morphology, 
and  that  the  less  transcriptionally  active  Ets2(A72)  mutant 
was  less  efficient  at  reversion  (Fig.  2A),  suggested  that  the 
observed  reversion  was  not  simply  due  to  inhibition  of  Ets-de- 
pendent  transcription.  To  analyze  the  role  of  Ets2-mediated 
transcription  activation  in  reversion  activity,  we  generated  a 
full-length  Ets2  construct  with  increased  transactivation  activ¬ 
ity.  The  powerful  viral  transcription  activation  domain  from 
VP16  was  fused  to  the  N  terminus  of  fuU-length  Ets2.  Cotrans¬ 


fection  of  the  resulting  pCIN-VP16-Ets2  expression  construct 
was  found  to  transactivate  the  expression  of  the  Ets-dependent 
reporter  gene  E.lSpal  by  over  100-fold  in  NIH3T3  cells  (data 
not  shown),  a  substantial  increase  over  the  maximal  10-fold 
activation  we  observed  with  normal  full-length  Ets2  (10,  19). 
To  confirm  that  full-length  Ets2  and  VPl6Ets2  also  activate 
Ets-dependent  transcription  in  the  context  of  the  Ras-trans- 
fprmed  DT  cells,  we  assayed  the  effects  of  transiently  cotrans¬ 
fecting  the  various  Ets2  expression  constructs  with  several 
reporter  genes  in  DT  cells.  As  previously  reported  (23),  expres¬ 
sion  of  the  Ets2DBD  inhibited  Ets-dependent  transcription 
(data  not  shown).  In  DT  cells,  the  Ets2  expression  constructs 
did  not  significantly  alter  expression  of  the  minimal  promoter- 
containing  reporter  A56FosdE  (Fig.  5A).  Although  only  a  small 
amount  of  Ets-dependent  reporter  gene  activation  was  seen 
with  Ets2(A72),  wild  type  Ets2  expression  activated  the  expres¬ 
sion  of  the  E.18  reporter,  which  contains  two  Ets  binding  sites, 
by  3.1-fold  (±0.5)  and  Py2  reporter,  which  contains  two  copies 
of  adjacent  Ets  and  AP-1  binding  sites,  by  2.3-fold  (±0.1). 
Expression  of  VP16Ets2  activated  E.18  and  Py2  transcription 
by  31.5-fold  (±7.3)  and  8.6-fold  (±3.1),  respectively  (Fig.  5A). 
Preliminary  analysis  of  the  stable  clones  has  shown  the  same 
pattern  of  E.18  reporter  gene  transactivation.^  Thus,  as  as¬ 
sayed  by  these  reporter  genes  in  DT  cells,  expression  of  full- 
length  Ets2  does  indeed  activate  Ets-dependent  transcription, 
and  VP16-Ets2  is  a  significantly  stronger  transcriptional 
activator. 

Stable  DT  cell  lines  were  derived  both  with  the  VPl6-Ets2 
construct,  and  a  VP16-only  construct  as  a  control.  Soft  agar 
growth  of  all  10  of  the  individual  VP16-Ets2  clones  examined 
was  inhibited  more  than  4-fold  (Fig.  2A).  Several  of  these  clones 
almost  completely  lost  their  ability  to  grow  in  soft  agar  (Fig. 
55).  Morphological  analysis  revealed  that,  like  full-length 
Ets2-expressing  cell  lines,  the  VP16-Ets2  lines  had  reverted  to 
a  flat  morphology  with  clearly  visible  actin  stress  fibers  (data 
not  shown).  The  expression  of  VP16  alone  did  not  cause  im¬ 
paired  growth  in  soft  agar  for  most  of  the  stable  clones  (Fig. 
2A).  However,  two  of  nine  clones  showed  significant  inhibition 
of  soft  agar  growth,  consistent  with  a  previously  reported  ob¬ 
servation  that  very  high  levels  of  VP  16  expression  inhibits  Ras 
transformation  (32).  As  described  for  the  other  Ets2  constructs 
above,  parallel  plating  experiments  and  growth  cuive  analysis 
showed  that  the  almost  complete  loss  of  anchorage-indepen- 
dent  growth  of  the  VP16-Ets2  cell  lines  was  not  due  to  reduc¬ 
tion  of  attached  growth  rate  (data  not  shown). 

Expression  Levels  ofEts2  Constructs  in  Reverted  Cell  Lines — 
Because  DT  cells  already  express  full-length  Ets2,  reversion  of 
the  transformed  phenotype  by  the  introduced  full-length  Ets2 


^  G.  Foos  and  C.  A.  Hauser,  unpublished  data. 
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Fig.  5.  Reversion  activity  of  full-length  Ets2  constructs  corre¬ 
lates  with  their  transactivation  activity.  Panel  A,  activation  of 
Ets-dependent  reporters  in  DT  cells.  Cotransfection  assays  in  DT  cells 
were  performed  using  a  minimal  reporter  gene  (A56FosdE)  or  two 
different  Ets-dependent  reporters  (E.18  or  Py2)  and  the  indicated  Ets2 
expression  constructs.  The  -fold  activation  by  the  Ets2  constructs  is  the 
ratio  of  luciferase  activity  from  each  reporter  gene  relative  to  the  same 
reporter  gene  with  empty  pCIN  expression  vector.  Panel  B,  soft  agar 
growth  relative  to  the  parental  DT  cells,  of  individual  cell  lines  express¬ 
ing  various  Ets2  constructs.  The  data  are  the  average  of  duplicate 
samples. 


expression  construct  is  likely  due  to  the  elevated  levels  of  Ets2 
present  in  the  reverted  cell  lines.  To  measure  the  amount  of 
introduced  full-length  Ets2  mRNA  relative  to  the  endogenous 
Ets2  levels,  RNase  protection  assays  were  performed  with  a 
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Fig.  6.  Expression  levels  of  Ets2  constructs  in  the  stable  cell 
lines.  Panel  A,  RNase  protection  assay  to  compare  endogenous  and 
introduced  Ets2  mRNA  levels  in  the  stable  cell  lines.  The  400-base 
protected  fragment  from  the  introduced  FNEts2  and  the  300-base  pair 
protected  fragment  from  the  endogenous  Ets2  are  indicated.  Shown 
beneath  is  the  control  signal  from  the  L32  ribosomal  protein  message 
from  each  RNA  sample.  The  RNAs  were  from  NIH3T3  cells  (lajie  2),  or 
the  DT-derived  cell  lines  pCIN#5  (lane  2\  or  Ets2full#2,  Ets2fuU#5,  or 
Ets2full#6  {lanes  3-5).  Lane  6  was  RNA  from  a  delayed  onset  tumor  14 
days  following  injection  of  the  Ets2#6  line  into  a  nude  mouse  (see  text). 
Panel  B,  reversion  correlates  to  expression  of  E2DBD  protein.  Immu- 
noblot  analysis  of  equal  amounts  of  whole  cell  extract  from  DT  cell  lines 
expressing  the  Ets2DBD  or  containing  the  empty  pCEN  expression 
vector,  probed  with  an  antibody  against  the  FLAG  epitope  tag.  The 
degree  of  reversion  of  the  cell  lines,  as  measured  by  loss  of  ability  to 
grow  in  soft  agar,  is  indicated  by  pluses.  Panel  C,  immunoblot  analysis 
of  Ets2  construct  protein  levels,  using  anti-FLAG  antibody  and  whole 
cell  extracts  from  stable  cell  lines  expressing  the  Ets2  constructs. 
pCIN#5  (lane  2),  Ets2full#2,  Ets2fiill#5,  and  Ets2ftill#6  (lanes  2-4\ 
VPl6Ets2full#l,  VPl6Ets2full#4,  and  VP16Ets2full#7  (lanes  5-7),  and 
Ets2TAD#53  and  Ets2TAD#52  (lanes  8  and  9).  The  sizes  of  the  ex¬ 
pressed  Ets2TAD,  Ets2fLill,  and  VP16Ets2full  are  indicated. 


probe  that  could  distinguish  between  the  endogenous  Ets2  and 
the  FN-tagged  introduced  Ets2  (Fig.  6A).  To  determine  how 
much  overexpression  was  required  for  reversion,  we  tested  a 
full-length  Ets2  cell  line  that  was  only  moderately  reverted 
(Ets2full#2),  and  two  others  that  showed  strongly  reduced 
growth  in  soft  agar  (Ets2full#5  and  Ets2full#6,  see  Fig.  2B). 
Quantitative  analysis  of  the  data  shown  in  Fig.  6A  (see  “Mate¬ 
rials  and  Methods”)  revealed  that  the  introduced  Ets2  mRNA 
was  expressed  at  an  8-,  12-,  and  17-fold  higher  level  than  the 
endogenous  Ets2  mRNA  in  Ets2full#2,  Ets2full#5,  and 
Ets2full#6,  respectively.  The  introduced  Ets2  did  not  appear  to 
influence  endogenous  Ets2  expression,  as  normalization  of  the 
introduced  Ets2  to  L32  message  (Fig.  6A)  gave  the  same  ratios 
of  relative  expression.  Thus,  we  estimate  that  approximately 
10-fold  overexpression  of  Ets2  is  required  for  strong  reversion 
activity  in  DT  cells.  Consistent  with  this  idea,  the  last  lane  in 
Fig.  6A  shows  that  in  a  tumor  that  arose  after  a  significant 
delay  following  injection  of  the  Ets2#6  line  into  a  nude  mouse, 
(see  below)  introduced  Ets2  mRNA  had  dropped  from  17-  to 
only  5-fold  greater  levels  than  endogenous  Ets2. 
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Fig.  7.  Ras  expression  or  ERK  activity  is  not  altered  in  re¬ 
verted  cell  lines*  Panel  A,  immunoblot  of  whole  cell  extracts  using  a 
pan-Ras  antibody.  Extracts  were  from  NIH3T3  cells  ilane  1)  or  the 
DT-derived  cell  lines  pCIN#5  (lane  2),  Ets2full#2,  Ets2fLill#5,  or  pooled 
Ets2full  clones  (lanes  3-5) y  or  E2TAD#51,  E2TAD#52,  or  E2TAD#53 
(lanes  6-8).  Panel  B,  the  endogenous  MAPK  activity  in  the  stable  cell 
lines  was  assayed  by  immune  complex  assay  using  an  antibody  which 
recognizes  ERKl  and  ERK2,  and  the  radiolabeled  signal  from  the 
myelin  basic  protein  substrate  is  shown.  The  cells  were  either  starved 
18  h  and  then  immediately  harvested  (lanes  1,  3,  5-8)  or  serum- 
stimulated  for  5  min  prior  to  harvest  (lanes  2  and  4).  The  cell  extracts 
analyzed  were  NIH3T3  (lanes  1  and  2),  DT  (lanes  3  and  4),  or  extracts 
from  the  reverted  cells  lines  Ets2full#5,  Ets2DBD#10,  Ets2TAD#51, 
and  VP16Ets2fiill#7  (lanes  5-8,  respectively). 

An  assumption  in  the  above  assays  comparing  the  apparent 
reversion  strength  of  individual  cell  lines  is  that  the  various 
pCIN-Ets2  expression  constructs  are  expressed  over  similar 
ranges,  and  that  for  each  construct,  the  apparent  reversion 
correlates  to  the  expression  level  of  the  introduced  protein.  Six 
randomly  selected  Ets2DBD  cell  lines  were  assayed  both  for 
reduced  growth  in  soft  agar  (reversion)  and  for  Ets2DBD  pro¬ 
tein  expression  (Fig.  6B).  These  results  show  that,  as  postu¬ 
lated  from  the  bicistronic  message  encoding  Ets2DBD  and 
G418  resistance,  all  of  these  G418-resistant  cell  lines  egress 
levels  of  the  Ets2DBD  protein  detectable  by  Western  blotting. 
The  blotted  Ets2DBD  protein  was  detected  using  the  anti- 
FLAG  antibody  directed  against  the  N-terminal  FLAG  epitope 
tag  of  Ets2DBI).  Comparison  of  the  Ets2DBD  expression  levels 
and  the  reduction  of  soft  agar  growth  in  these  cell  lines  (Fig. 
6B)  shows  that  there  is  indeed  a  correlation  between  Ets2DBD 
expression  and  apparent  reversion  in  these  cell  lines. 

The  steady  state  protein  levels  of  other  Ets2  constructs  in 
individual  cell  lines  were  similarly  analyzed  by  Western  blot. 
The  relative  differences  in  introduced  full-length  Ets2  mRNA 
levels  (Fig.  6A)  were  reflected  in  the  steady-state  Ets2full  pro¬ 
tein  levels  (Fig.  6C).  VP16Ets2full  protein  levels  were  also 
analyzed  in  several  clones,  and  there  was  about  4-fold  more 
VP16Ets2full#7  than  Ets2full#5.  Because  the  reverted  VP16- 
Ets2full  clones  all  had  higher  stable  levels  of  protein  expression 
than  the  Ets2full  clones,  we  cannot  exclude  the  possibility  that 
the  enhanced  apparent  reversion  activity  of  the  strongly  trans¬ 
activating  VP16Ets2  constructs  was  due  to  dosage  effects.  The 
very  high  level  of  expression  of  E2TAD  seen  in  the  reverted 
E2TAD#52  line  (Fig.  6C)  was  also  seen  in  several  other  re¬ 
verted  E2TAD  lines,  and  RNase  protection  analysis  revealed 
that  the  Ets2TAD  mRNA  was  approximately  100-fold  more 
abundant  than  the  endogenous  Ets2  mRNA  (data  not  shown). 

Ets2  Constructs  Act  Downstream  of  Ras  Expression  or  MAP 
Kinase  Activation — ^To  determine  that  the  Ets2  constructs  were 
not  reverting  the  transformed  phenotype  of  DT  cells  by  simply 
extinguishing  the  expression  of  oncogenic  Ras,  we  confirmed 
that  the  high  level  of  Ras  normally  seen  in  DT  cells  was  still 
present  in  the  reverted  clones,  as  had  been  previously  shown 
for  EtsDBD  constructs  (23).  Western  blot  analysis  using  pan- 
Ras  antibody  (Fig.  7A)  shows  that  indeed,  a  DT  line  containing 
empty  pCIN  vector  expressed  much  higher  levels  of  Ras  than 
NIH  3T3  cells,  and  (even  on  a  shorter  exposure)  that  reverted 
cell  lines  expressing  either  full-length  Ets2  or  the  Et92TAD 


Table  I 

Tumor  formation  in  nude  mice 

5  X  10®  cells  were  subcutaneously  injected  into  each  dorsal  flank  of 
nude  mice,  and  the  tumors  were  measured  by  caliper  on  the  indicated 
days.  Tumor  volumes  were  estimated  as  described  under  “Materials 
and  Methods,”  and  the  average  volume  for  6-8  separate  tumors  derived 
from  each  cell  line  is  shown.  Statistically  significant  (p  <  0.05)  reduc¬ 
tions  in  tumor  growth,  relative  to  tumors  from  DT  cells  containing 
empty  vector  (pCIN#5),  were  determined  using  Student’s  f-test,  and 
significantly  reduced  tumor  volumes  are  indicated  in  bold  text. 


Cell  line 

Tumor  volume  (mm®) 

Day  4 

Day  6 

Day  8 

Day  10 

pCIN5 

19±  17 

263  ±  159 

1,331  ±  649 

2,816  ±  1,272 

fiill#5 

4±7 

51  ±39 

390  ±  246 

1,223  ±  661 

full#6 

8±  16 

103  ±  62 

599  ±  379 

1,467  ±  949 

DBD#10 

16±  11 

147  ±  98 

479  ±  228 

1,736  ±  1,138 

TAD#53 

8±  16 

49  ±51 

357  ±  277 

1,618  ±  1,004 

VPl6full#l 

22±  13 

76  ±62 

630  ±  516 

1,553  ±  973 

VP16fuU#7 

7±  8 

93  ±  87 

255  ±  245 

1,197  ±  1,056 

still  expressed  high  levels  of  Ras  similar  to  that  of  DT  cells. 
Therefore,  the  effects  on  the  transformed  phenotype  by  the 
Ets2  constructs  were  not  due  to  reduced  Ras  expression. 

The  expressed  Ets2  proteins  are  likely  to  act  well  down¬ 
stream  of  Ras,  and  we  postulated  that  they  would  also  act 
downstream  of  the  MAP  kinases  ERKl  and  ERK2.  These  ERKs 
are  targets  of  Ras/RaffMEK  signaling,  but  are  still  upstream 
regulators  of  Ets2  transcriptional  activity  (12).  We  therefore 
analyzed  MAP  kinase  activity  in  several  cell  lines,  using  an 
immime  complex  assay.  For  this  assay,  the  ERKl  and  ERK2 
were  immune  precipitated  from  whole  cell  extracts,  and  their 
activity  was  assayed  using  myelin  basic  protein  as  a  substrate. 
Quantitation  of  the  signals  shown  in  Fig.  7B  by  phosphorim- 
ager  analysis  revealed  that  ERK  activity  was  induced  10-fold 
by  serum  in  NIH3T3  cells  and  4-fold  in  DT  cells.  As  has  been 
previously  observed  (33),  the  basal  ERK  activity  in  the  stably 
Ras-transformed  cells  was  only  modestly  higher  than  in  non- 
transformed  cells.  Fig.  7B  shows  there  was  not  a  significant 
difference  between  the  basal  levels  of  ERK  activity  found  in  the 
parental  DT  cells  and  in  representative  Ets2  construct-re- 
verted  cell  lines,  indicating  that  the  Ets2  constructs  were  not 
altering  ERK  activity  in  the  reverted  cell  lines. 

Ets2  Expression  Reduces  Tumorigenicity  ofDT  Cells  in  Nude 
Mice — ^To  determine  whether  the  Ets2-mediated  morphological 
reversion  or  increased  einchorage-dependence  seen  in  vitro  re¬ 
flects  a  reduced  ability  to  form  tumors,  we  performed  tumori¬ 
genicity  assays  in  nude  mice.  The  growth  of  6-8  tumors  for 
each  cell  line  in  nude  mice  was  followed  by  external  measure¬ 
ment  every  2  days,  as  described  in  Methods,  The  voliune  of 
tumors  derived  from  the  DT  cell  lines  expressing  various  Ets2 
constructs  (cell  lines  shown  above  to  exhibit  reversion  in  vitro) 
were  compared  with  that  of  a  DT  cell  line  containing  an  empty 
pCIN  expression  vector  (Table  I).  The  rapid  tumor  growth  of 
the  pCIN#5  cell  line  was  not  significantly  different  than  an¬ 
other  empty  vector  DT  cell  line  pCIN#6  (n  =  8),  or  to  the 
parental  DT  line  (n  =  4),  (data  not  shown).  However,  the  tumor 
volumes  were  significantly  smaller  than  pCIN#5  for  both  full- 
length  Ets2  cell  lines  and  both  VPl6-Ets2  cell  lines  on  days  6, 
8,  and  10  (Table  I),  As  described  above  (Fig.  ZB  and  data  not 
shown),  these  cell  lines  have  the  same  attached  growth  rate  as 
the  pCIN#5  line  in  culture,  which  suggests  that  the  expressed 
Ets2  specifically  inhibited  tumorigenicity.  Reductions  in  tumor 
growth  were  also  seen  in  the  Ets2TAD#53  and  Ets2DBD#10 
cell  lines,  but  the  smaller  tumor  volumes  were  statistically 
significant  only  on  days  6  and  8  for  the  Ets2TAD  line  and  only 
on  day  8  for  the  Ets2DBD  line.  Due  to  the  veiy  high  initial 
growth  rate  of  the  control  cell  lines,  by  day  10  the  tumors  firom 
pCIN  or  parental  DT  cells  were  quite  large,  and  started  to 
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exhibit  reduced  growth  rates.  This  allowed  the  delayed  tumors 
derived  from  the  Ets2  construct-containing  cell  lines  to  catch 
up,  and  by  days  12  and  14,  none  of  the  tumor  volumes  were 
significantly  different  from  those  of  the  pCIN#5  line  (data  not 
shown).  It  is  likely  that  the  significant  delay  of  tumor  growth 
represents  the  effects  of  the  expressed  Ets2  constructs,  but  in 
the  absence  of  G418  selection,  the  subsequent  in  vivo  selection 
of  cells  in  which  expression  from  the  pCIN  vector  is  reduced 
(see  Fig.  6A  and  “Discussion”).  Overall,  the  ability  of  full-length 
Ets2  or  VP16-Ets2  expression  to  cause  a  substantial  delay  in 
tumorigenicity,  and  the  ability  of  the  Ets2TAD  to  cause  a 
shorter  delay  in  tumorigenicity  correlates  with  their  relative 
ability  to  cause  reversal  of  the  transformed  phenot3q5e  in  cell 
culture  experiments. 

DISCUSSION 

It  has  been  previously  observed  that  stable  expression  of  just 
the  DNA  binding  domain  (DBD)  of  the  Ets  factors  Etsl,  Ets2,  or 
PU.l  reverses  multiple  features  of  the  transformed  phenotype 
in  Ras-transformed  NIH3T3  cells  (23).  In  transient  assays, 
these  Ets  DBD  constructs  exhibit  a  dominant  inhibitory  effect 
on  Ets-dependent  transcription,  and  on  NeuyErbB-2-  and  Ras- 
mediated  activation  of  Ets-dependent  gene  expression  (ll,  22, 
23).  We  show  here  that  elevated  expression  of  full-length  Ets2, 
an  activator  of  Ets-dependent  transcription,  can  also  specifi¬ 
cally  reverse  the  transformed  phenotype  of  Ras-transformed 
NIH3T3  cells.  The  reverted  phenotype  in  multiple  stable  Ets2- 
expressing  cell  lines  included  a  reduction  in  anchorage-depend¬ 
ent  growth,  tumorigenicity,  and  saturation  density.  In  addi¬ 
tion,  these  Ets2  reverted  cell  lines  exhibited  more  normal  cell 
morphology,  and  reappearance  of  actin  stress  fibers  which  are 
lost  in  transformed  fibroblasts.  The  inhibition  of  anchorage- 
independent  growth  by  highly  expressed  Ets2  was  specific,  as 
anchorage-dependent  growth  was  not  inhibited  in  these  cell 
lines.  Reversion  of  the  DT-derived  Ets2-expressing  cell  lines 
was  likely  a  direct  consequence  of  Ets2  expression  and  not  from 
selection  of  a  secondary  mutation,  as  7/11  randomly  picked 
stable  DT  cell  lines  generated  with  the  Ets2  expression  plasmid 
exhibited  a  strong  (>75%)  reduction  in  anchorage-independent 
growth. 

To  test  a  potentially  more  specific  inhibitory  construct  for 
Ets-dependent  transcription,  we  also  assayed  the  reversion 
activity  of  expressing  the  portion  of  Ets2  that  does  not  bind 
DNA,  the  Ets2TAD.  We  previously  found  that  high  expression 
of  this  Ets2TAD,  which  presumably  interacts  with  somedimit- 
ing  protein,  could  block  Ras  or  Neu-mediated  activation  of  an 
Ets-dependent  reporter  gene  (11).  In  contrast  to  the  ability  of 
the  Ets2DBD  or  full-length  Ets2  to  more  completely  reverse 
transformation,  we  show  here  that  expression  of  Ets2TAD  par¬ 
tially  reversed  the  transformed  phenotype  of  DT  cells. 
Ets2TAD  expression  strongly  inhibited  anchorage-independent 
cell  growth,  but  did  not  reverse  transformed  cell  morphology. 
These  findings  suggest  that  the  functions  of  Ets  proteins  in 
anchorage-independence  and  transformed  morphology  are  sep¬ 
arable,  and  that  Ets  factors  impact  on  multiple  pathways  re¬ 
quired  in  cellular  transformation.  In  light  of  the  differences  in 
morphological  reversion  activity  of  Ets2  and  the  Ets2TAD, 
potential  targets  in  reversion  for  Ets2  may  include  Rho  family 
members  or  integrin-linked  kinases. 

Because  phosphorylation  of  the  Thr-72  residue  of  Ets2  has 
been  found  to  be  essential  for  the  Ras-mediated  increase  in 
Ets2  transactivation  activity  (10, 11),  we  tested  whether  a  Thr 
to  Ala  mutation  would  disrupt  the  reversion  activity  of  highly 
expressed  Ets2,  both  in  the  context  of  the  Ets2  TAD,  and  in 
full-length  Ets2.  Although  the  Ets2(A72)  mutation  may  have 
slightly  reduced  Ets2  reversion  activity,  the  data  showed  that 
the  Thr-72  residue  was  not  essential  for  reversion  activity  in 


either  construct.  Although  Thr-72  phosphorylation  is  not  es¬ 
sential  for  reversion  activity,  we  can  not  exclude  that  these 
Ala-72  constructs  could  still  act  by  competing  for  a  kinase,  as 
the  kinase  recognition  sequence  may  be  distinct  from  the  phos¬ 
phorylation  site. 

Inhibition  of  Ras  transformation  in  fibroblasts  has  previ¬ 
ously  been  observed  only  with  Ets  constructs  that  inhibit  ex¬ 
pression  of  Ets-dependent  transcription,  and  thus  it  was  some¬ 
what  unexpected  that  expression  of  full-length  Ets2  had  strong 
and  broad  reversion  activity.  It  was  previously  hypothesized 
that  the  Ets  DBD  acts  as  a  dominant  negative  Ets  protein 
which  blocks  the  activation  of  genes  whose  persistent  activa¬ 
tion  by  Ras  signaling  is  required  for  maintaining  the  trans¬ 
formed  phenotype  (34).  To  assess  whether  the  transactivation 
activity  of  the  overexpressed  Ets2  contributes  to  its  reversion 
activity,  we  synthetically  increased  Ets2  transactivation  activ¬ 
ity  by  N-terminal  addition  of  the  VP  16  transactivation  domain. 
This  VPl6-Ets2  construct  showed  strongly  enhanced  transac¬ 
tivation  activity,  and  had  the  strongest  apparent  reversion 
activity  of  any  of  the  Ets2  constructs  we  tested,  both  in  the  in 
vitro  assays  and  the  tumorigenicity  assays.  These  results  fur¬ 
ther  indicated  that  activation  of  Ets-dependent  transcription 
can  also  lead  to  reversion.  A  related  finding  was  recently  re¬ 
ported  in  the  colon  cancer  cell  line  DLD-1,  where  ectopic  ex¬ 
pression  of  full-length  Etsl  caused  a  partial  reversion  of  the 
transformed  phenotype  of  these  cells,  and  an  Etsl  mutant  that 
had  lost  its  transactivation  activity  also  lost  its  reversion  ac¬ 
tivity  (35).  These  findings  with  DLD-1  cells,  in  which  activated 
K-Ras  has  been  shown  to  play  a  key  role  in  their  transforma¬ 
tion  (36),  are  consistent  with  our  present  data  indicating  that 
increasing  Ets-dependent  transcription  can  reverse  Ras-medi¬ 
ated  cellular  transformation.  This  ability  of  highly  expressed 
Etsl  and  Ets2  to  reverse  cellular  transformation  is  in  contrast 
to  the  initial  characterization  of  Etsl  and  Ets2  as  proto-onco¬ 
genes,  whose  overexpression  could  transform  NIH3T3  cells  (20, 
21).  However,  the  rare  appearance  of  transformed  cells  in  these 
experiments  suggested  that  selection  for  a  secondary  event  was 
required  for  transformation  (20,  21).  In  several  experiments, 
we  have  failed  to  observe  direct  transforming  activity  of  highly 
expressed  Ets2  in  NIH3T3  cells.^ 

Although  it  is  difficult  to  compare  the  reversion  strength  of 
different  expression  constructs  in  stable  cell  lines,  in  our  par¬ 
allel  analysis  of  the  reversion  activity  of  full-length  Ets2  and 
the  Ets2DBD,  it  appeared  as  though  the  full-length  Ets2-ex- 
pressing  cell  lines  tested  were  more  reverted  than  the 
Ets2DBD  lines  in  all  of  the  transformation  assays.  The  fact 
that  the  Ets2DBD-expressing  lines  were  less  well  reverted 
than  similar  previously  described  lines  (23)  is  likely  due  to  the 
fact  that  in  the  previous  study,  strong  selection  for  morpholog¬ 
ical  reversion  (flat,  highly  adherent  cells)  was  applied  prior  to 
scoring  or  assaying  the  reverted  phenotype.  Given  the  dose 
response  for  reversion  seen  with  the  randomly  picked  Ets2DBD 
(Fig.  65),  it  is  likely  one  could  find  more  reverted  Ets2DBD  cell 
lines.  We  postulate  that  lack  of  sufficient  Ets2  construct  ex¬ 
pression  was  also  responsible  for  the  eventual  tumor  growth  in 
the  tumorigenicity  assay  (Table  I).  It  has  been  reported  that,  in 
the  absence  of  selection,  the  neomycin  resistance  gene  can 
silence  a  nearby  CMV  promoter  (37).  When  we  assayed  the 
level  of  introduced  full-length  Ets2  mRNA  in  a  tumor  that  had 
grown  up  after  significant  delay,  we  found  that  the  overall  Ets2 
expression  level  had  dropped  to  below  what  was  required  to 
observe  reversion  in  vitro  (Fig.  6A).  Thus,  although  this  study 
showed  a  clear  in  vivo  effect  of  full-length  Ets2  expression 
inhibiting  tumor  growth,  a  more  stable  expression  system  will 


^  C.  K-  Galang  and  C.  A.  Hauser,  unpublished  data. 
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be  required  to  assay  the  long  term  efficacy  of  reversing  tumor- 
igenicity  by  altering  Ets-dependent  transcription. 

There  are  several  distinct  mechanisms  that  could  explain 
how  Ets2  constructs  with  seemingly  opposite  activities  (inhibi¬ 
tion  or  activation  of  Ets-dependent  transcription)  could  revert 
Ras-mediated  transformation.  If  these  Ets2  constructs  act  on 
common  targets,  it  is  possible  they  do  so  by  displacing  an  Ets 
family  negative  regulator  which  becomes  more  active  in  Ras- 
transformed  cells.  In  such  a  model,  the  activity  of  an  Ets-family 
repressor  would  be  required  to  maintain  the  transformed  state. 
The  inhibitory  Ets2  constructs  would  displace  this  repressor, 
and  the  activating  constructs  would  displace  it  and  additionally 
activate  expression  of  the  genes  whose  expression  causes  re¬ 
version,  Such  a  repressor  must  act  in  a  promoter  context  dis¬ 
tinct  from  E.18  or  Py2,  as  we  have  found  that  Ets2DBD  expres¬ 
sion  inhibits  the  transcription  of  these  reporter  genes  in  both 
NIH3T3  and  DT  cells  (Ref,  11  and  data  not  shown).  Another 
possible  common  mechanism  of  reversion  involves  interaction 
of  the  Ets  constructs  with  AP-1  family  proteins,  as  both  the  Ets 
domain  and  the  Ets2  TAD  have  been  reported  to  physically 
interact  with  AP-1  family  members  involved  in  cellular  trans¬ 
formation  (38-40).  However,  we  found  that  expression  of  the 
Ets2  TAD  or  DBD  does  not  influence  Ras  or  Her2/Neu  activa¬ 
tion  of  an  AP- 1-dependent  reporter  gene  (11).  Alternatively,  the 
inhibitory  and  activating  Ets2  constructs  may  have  distinct 
targets.  One  possible  target  for  reversion  by  activating  Ets2 
constructs  is  as  high  level  stimulation  of  Raf,  an 

upstream  activator  of  Ets  activity,  activates  p21^*^^  expression 
(41-43).  Expression  of  p21^'^^  is  also  induced  by  an  Ets  tran¬ 
scription  factor  (44),  and  overexpression  of  p21^*^^  can  reverse 
anchorage-independent  growth  of  transformed  cells  without 
interfering  with  their  attached  growth  (45).  Other  possible 
targets  for  reversion  through  activation  of  Ets-dependent  tran¬ 
scription  include  the  tumor  suppressors  p53  and  Rb.  The  p53 
promoter  has  tandem  Ets  sites  arrayed  very  similarly  to  the 
E,18  reporter  gene  (used  in  Fig.  5A),  and  p53  expression  is 
increased  upon  Ets2  overexpression  (46).  There  are  also  func¬ 
tional  Ets  binding  sites  in  the  Rb  promoter  (47),  and  elevated 
expression  of  either  p53  or  RB  can  reverse  transformation  (48, 
49).  Possible  targets  for  inhibitory  Ets2  constructs  include  the 
Ets2-regulated  autocrine  growth  factor  HB-EGF  (41)  and  cy- 
clin  D1  (50),  whose  promoters  have  functional  Ets  binding 
sites.  However,  inhibition  of  targets  such  as  cyclin  D1  would 
not  be  expected  to  specifically  block  only  anchorage-indepen¬ 
dent  growth. 

Overall,  our  studies  show  that  altering  Ets  transcription 
factor  activity  by  either  inhibiting  or  activating  Ets-dependent 
tramscription  can  reverse  Ras-mediated  cellular  transforma¬ 
tion.  In  addition,  the  ability  of  a  potentially  more  specific  Ets- 
inhibitory  construct  (Ets2TAD)  to  partially  reverse  transfor¬ 
mation  suggests  that  Ets  factors  are  involved  in  multiple 
pathways  in  Ras  transformation.  The  dominant  inhibitory  and 
activating  constructs  we  have  used  in  this  study  likely  act 
broadly  on  targets  of  the  large  family  of  Ets  transcription 
factors,  given  the  similarity  of  Ets  factor  DNA  binding  se¬ 
quences.  Ets  factors  whose  activities  are  reported  to  be  regu¬ 
lated  by  Ras  signaling  include  Etsl,  Ets2,  PEA3,  ERM,  ER81, 
GABPa,  and  ERF  (10,  24,  51-53),  as  well  as  the  ternary  com¬ 
plex  Ets  factors  Elk,  SAP-1,  and  SAP-2/NET  (27, 54, 55).  There¬ 
fore,  our  results  with  high  level  expression  of  Ets2  constructs 
should  not  be  interpreted  to  mean  that  Ets2  is  the  critical  Ets 
protein  in  cellular  transformation,  or  that  Ets2  is  a  bona  fide 
tumor  suppressor  gene.  Instead,  we  have  used  the  Ets2  con¬ 
structs  as  tools  to  explore  the  potential  functions  of  Ets 
proteins  in  Ras  transformation,  and  have  found  th^t  Ets 


proteins  appear  to  have  a  central  and  complex  role  in  regu¬ 
lating  transformation.  It  is  now  of  great  interest  to  determine 
the  mechanism  and  targets  of  Ets  construct-mediated  rever¬ 
sion,  and  to  determine  which  kinds  of  Ets  signaling  are 
important  in  the  transformed  behavior  of  human  epithelial- 
derived  tumor  cells. 
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Altered  Ets  transcription  factor  activity  in  prostate  tumor  cells  inhibits 
anchorage-independent  growth,  survival,  and  invasiveness 

Gabriele  Foos’  and  Craig  A  Hauser*’* 

^La  Jolla  Cancer  Research  Center,  The  Burnham  Institute,  La  Jolla.  California,  CA  92037,  USA 


The  Ets  family  of  transcription  factors  are  important 
downstream  targets  in  cellular  transformation,  as 
altering  Ets  activity  has  been  found  to  reverse-  the 
transformed  phenotype  of  Ras  transformed  mouse 
fibroblasts  and  of  several  human  tumor  cell  lines.  To 
determine  whether  Ets  factors  are  important  targets  in 
the  largely  uncharacterized  aberrant  signaling  in  prostate 
cancer,  we  have  altered  Ets  activity  in  the  prostate  tumor 
cell  line  PPC-1,  by  stable  expression  of  either  full-length 
Ets2,  or  a  dominant  inhibitor  of  Ets  activity,  the  Ets2 
DNA  binding  domain  (Ets2DBD).  Analysis  of  multiple 
independent  clonal  cell  lines  revealed  that  expression  of 
either  Ets2  or  the  Ets2DBD  inhibited  the  anchorage- 
independent  growth  of  PPC-1  cells  up  to  20-fold.  In 
contrast  to  our  previous  findings  with  Ras-transformed 
NIH3T3  cells,  PPC-1  cell  lines  expressing  either  Ets2  or 
the  EtsDBD  exhibited  slower  attached  cell  growth, 
increased  Ets-dependent  gene  expression,  and  up  to  a 
10-fold  increase  in  apoptotic  cell  death.  The  p21‘^‘’  gene 
was  identified  as  a  potential  target  of  altered  Ets 
signaling.  Interestingly,  the  two  distinct  Ets2  constructs 
had  strikingly  different  effects  on  in  vitro  invasiveness. 
Expression  of  the  Ets2DBD  almost  completely  blocked 
PPC-1  cell  invasion  through  Matrigel,  whereas  over¬ 
expression  of  full-length  Ets2  did  not  inhibit  invasion. 
Overall,  these  results  demonstrate  that  the  balance  of 
Ets  factor  activity  can  regulate  multiple  aspects  of  the 
transformed  phenotype  of  PPC-1  prostate  tumor  cells, 
including  anchorage-independent  growth,  survival,  and 
invasiveness.  Oncogene  (2000)  19,  5507-5516. 

Keywords:  prostate  cancer;  Ets2  overexpression;  domi¬ 
nant  negative  Ets2;  transformation 


Introduction 

Despite  the  prevalence  of  prostate  cancer,  the 
molecular  understanding  of  this  disease  is  still  quite 
limited.  In  the  hope  of  identifying  new  therapeutic 
targets,  much  effort  is  being  made  to  characterize  the 
genetic  and  molecular  alterations  in  the  upstream 
signaling  components  which  may  cause  aberrant 
prostate  cell  growth  and  metastases  (Huncharek  and 
Muscat,  1995;  Shi  et  al,  1996).  We  have  taken  a 
complementary  approach,  of  starting  to  define^  the 
function  of  more  downstream  signaling  components, 


^Correspondence:  CA  Hauser,  La  Jolla  Cancer  Research  Center,  The 
Burnham  Institute,  10901  North  Torrey  Pines  Road,  La  Jolla,  CA 
92037,  USA 

Received  19  April  2000;  revised  18  September  2000;  accepted  22 
September  2000 


the  Ets  transcription  factors,  by  determining  whether 
altering  their  function  can  specifically  reverse  features 
of  the  transformed  phenotype  of  prostate  tumor  cells. 

Several  families  of  transcription  factors  link  signal 
transduction  pathways  to  gene  expression.  The  Ets 
family  of  transcription  factors  act  as  mediators  of 
normal  and  oncogenic  signaling  in  a  variety  of  cellular 
contexts  (Ghysdael  and  Boureux,  1997;  Dittmer  and 
Nordheim,  1998).  There  are  over  20  unique  Ets  family 
members  characterized  in  humans,  related  by  their 
conserved  DNA  binding  (ETS)  domain  (Ghysdael  and 
Boureux,  1997).  The  DNA  binding  specificities  of  these 
Ets  family  members  are  quite  similar,  and  their 
functional  specificity  may  largely  depended  on  their 
pattern  of  expression;  interactions  with  partner 
proteins,  and  signal  transduction  pathways  (Graves 
and  Petersen,  1998).  A  large  variety  of  transformation- 
associated  genes  contain  adjacent  binding  sites  for  both 
Ets  and  AP-1  family  transcription  factors,  and  such 
elements  mediate  transcriptional  activation  from  a  wide 
range  of  activated  oncogenes  (Wasylyk  et  al,  1989). 
We  showed  that  Ets  binding  sites  alone  were  also 
sufficient  to  confer  strong  Ras-responsiveness  to  a 
minimal  promoter-containing  reporter  gene  (Galang  et 
ai,  1994),  and  that  Ras  signaling  through  ERKl/2 
mediates  specific  phosphorylation  and  increased  trans¬ 
activation  activity  of  Ets2  on  such  a  reporter  (Yang  et 
ai,  1996;  McCarthy  et  al,  1997).  Many  other  Ets 
transcription  factors  have  also  been  found  to  be  targets 
of  Ras  pathway  signaling  (reviewed  in  Ghysdael  and 
Boureux,  1997;  Wasylyk  et  al,  1998). 

Ets  factors  are  not  only  downstream  targets  of 
oncogene  signaling,  but  they  also  play  an  important 
role  in  mediating  the  transformed  phenotype.  Analysis 
with  dominant  inhibitory  Ets2  constructs  indicates  that 
Ets  factors  are  required  for  the  initiation  of  murine 
fibroblast  transformation  by  oncogenic  Ras  or  Neu 
(Langer  et  al,  1992;  Galang  et  al,  1996).  In  addition, 
stable  expression  of  the  DNA  binding  domain  (the 
ETS  domain)  from  several  divergent  Ets  family 
members  was  found  to  reverse  the  transformed 
phenotype  of  stably  Ras-transformed  NIH3T3  cells, 
but  not  to  inhibit  attached  cell  growth  (Wasylyk  et  aL, 
1994).  Surprisingly,  expression  of  full-length  Ets2  (an 
activator  of  Ets-dependent  transcription),  or  an  even 
more  powerful  activator  (VP16-Ets2)  in  Ras  trans¬ 
formed  NIH3T3  cells  reversed  their  transformed 
phenotype  more  efficiently  than  expression  of  just  the 
Ets2  DNA  binding  domain  (Foos  et  al,  1998).  While 
these  approaches  using  dominant  acting  Ets  constructs 
do  not  reveal  which  particular  Ets  factors  may  be 
involved  in  transformation,  they  are  of  value  in 
establishing  the  importance  of  this  large  family  of 
transcription  factors  in  this  process. 
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Ets  factors  also  play  a  role  in  the  transformed 
phenotype  of  spontaneously  arising  human  tumor  cells. 
Expression  of  the  Ets2  DNA  binding  domain 
(Ets2DBD)  inhibited  anchorage-independent  growth 
and  invasiveness  of  the  BT-20  breast  tumor  cell  line 
(Sapi  et  ai,  1998).  Expression  of  full-length  Etsl  was 
also  found  to  reverse  the  transformed  phenotype  of  the 
human  DLD-1  colon  tumor  cell  line,  and  this  reversion 
activity  was  lost  in  an  Etsl  point  mutant  that  had  lost 
transactivation  activity  (Suzuki  et  aL,  1995).  Altered 
Ets  activity  has  been  reported  to  sensitize  tumor  cells 
to  apoptotic  death.  Expression  of  an  Etsl  splice  variant 
induced  apoptosis  in  serum  starved  DLD-1  colon 
tumor  cells  (Huang  et  aL,  1997),  PU.l  expression 
sensitized  erythroleukemia  (MEL)  cells  to  DMSO- 
induced  apoptosis  (Yamada  et  aL,  1997),  and  expres¬ 
sion  of  Elkl  sensitized  MCF-7  breast  tumor  cells  to 
apoptosis  upon  calcium  ionophore  treatment  (Shao  et 
aL,  1998). 

The  direct  mutational  activation  of  Ras  in  prostate 
tumors  appears  to  be  quite  infrequent  (Konishi  et  aL, 

1997) ,  and  activating  ras  mutations  are  not  present  in 
the  commonly  used  prostate  tumor  cell  lines  such  as 
PC-3,  DU145,  or  LNCaP  (Gumerlock  et  aL,  1991). 
However,  a  variety  of  other  upstream  signaling 
components  converge  on  Ets  factors.  Ets2  expression 
is  elevated  in  several  prostate  tumor  specimens  (Liu  et 
aL,  1997),  and  Ets  factors  activate  the  expression  of  the 
maspin  tumor  suppressor  in  normal  prostate  epithelial 
cells  (Zhang  et  aL,  1997).  Androgen  receptor  interac¬ 
tion  with  Ets  proteins  is  reported  to  downregulate 
expression  of  matrix  metalloproteinases  in  prostate 
tumor  cells  (Schneikert  et  aL,  1996).  In  a  preliminary 
analysis  of  the  role  of  Ets  factors  in  prostate  tumor  cell 
lines,  expression  of  either  an  Ets2  antisense  construct 
or  the  Ets2  DBD  reduced  the  size  of  soft  agar  colonies 
formed  by  PC3  or  DU  1 45  cells  (Sementchenko  et  aL, 

1998) .  Much  of  what  has  thus  far  been  learned  about 
the  molecular  biology  of  prostate  cancer  has  come 
from  the  analysis  of  established  prostate  tumor  cell 
lines  (Royai  et  aL,  1996;  Webber  et  aL,  1997).  We  have 
utilized  the  hormone-independent  metastatic  human 
prostate  tumor  cell  line  PPC-1,  stably  expressing  two 
distinct  dominant  acting  Ets2  constructs,  as  an  initial 
model  system  to  broadly  assess  the  function  of  Ets 
factors  in  multiple  criteria  of  transformation.  We 
demonstrate  here,  that  in  addition  to  the  previously 
reported  effects  on  colony  size  (Sementchenko  et  aL, 
1998),  that  Ets-dependent  gene  expression  affects  many 
of  the  transformed  features  of  this  prostate  tumor  cell 
line,  including  anchorage-independence,  apoptosis, 
motility,  and  invasiveness. 


Results 

Generation  of  PPC-1  prostate  tumor  cell  lines  stably 
expressing  Ets2  constructs 

To  test  whether  Ets  factor  activity  is  important  for 
the  transformed  phenotype  of  a  human  prostate 
tumor  cell  line,  we  generated  PPC-1  cell  lines 
expressing  Ets2  constructs  designed  to  either  inhibit 
or  activate  Ets-dependent  transcription.  The  PPC-1 
cell  line  was  originally  described  as  derived  from  a 
primary  prostatic  carcinoma  (Brothman  et  aL,  1989). 


However,  subsequent  karyotypic  analysis  (Chen,  1993) 
has  led  to  the  conclusion  that  PPC-1  cells  are  actually 
a  diverged  clonal  variant  of  the  prostate  tumor 
metastasis-derived  PC-3  cell  line  (www.ATCC.org), 
and  their  similar  phenotypes  support  this  idea.  PPC-1 
cells  exhibit  a  highly  transformed  phenotype,  includ¬ 
ing  androgen  independent  and  anchorage-independent 
growth.  PPC-1  cells  are  invasive  in  in  vitro  assays 
(Wasilenko  et  aL,  1996),  and  are  both  tumorigenic 
and  metastatic  in  nude  mice  (Brothman  et  aL,  1989, 
1991).  PPC-1  cells  were  transfected  with  expression 
constructs  for  either  the  Ets2  DNA  binding  domain, 
for  full-length  Ets2,  or  the  empty  expression  vector, 
pCIN4.  Multiple  independent  stable  clones  were 
generated  with  each  construct.  In  the  pCIN4  vector, 
G418  resistance  is  conferred  by  the  3'  gene  in  a 
bicistronic  message.  Therefore,  the  G418-resistant 
clones  that  were  selected  should  all  express  the  5' 
Ets2  construct.  There  were  approximately  10-fold 
fewer  stable  colonies  generated  with  the  full-length 
Ets2  expression  construct  relative  to  the  other  two 
plasmids,  indicating  possible  toxicity  of  Ets2  over¬ 
expression  in  PPC-1  cells  (see  below).  Initial  analysis 
revealed  that  six  of  eight  randomly  selected  clones 
generated  with  the  Ets2DBD  and  seven  of  12 
generated  with  full-length  Ets2  expressed  easily 
detectable  amounts  of  these  constructs. 

Expression  of  either  full-length  Ets2  or  the  Ets2DBD 
alone  specifically  inhibits  anchorage-independent  PPC-1 
cell  growth 

To  determine  whether  expression  of  full-length  Ets2  or 
the  Ets2  DNA  binding  domain  alone  could  specifically 
inhibit  the  ability  of  PPC-1  cells  to  grow  in  an 
anchorage-independent  manner,  we  compared  the 
ability  of  the  various  cell  lines  to  grow  in  soft  agar 
relative  to  their  ability  to  grow  attached  in  normal 
tissue  culture  dishes.  Preliminary  analysis  revealed  that 
virtually  all  of  the  Ets2DBD  or  full-length  Ets2- 
expressing  clones  exhibited  significantly  impaired 
growth  in  soft  agar,  whereas  none  of  six  pCIN4  vector 
only-containing  clones  assayed  showed  this  reduction 
in  anchorage-independent  growth.  Subsequently,  two 
pCIN4  clones,  two  Ets2DBD  expressing  clones,  and 
three  full-length  Ets2-expressing  clones  were  then 
chosen  as  representative  cell  lines  for  the  detailed 
analysis  described  below.  Figure  la  shows  that  PPC-1 
cell  clones  expressing  either  the  Ets2DBD  or  full-length 
Ets2  showed  a  strong  inhibition  of  soft  agar  growth 
relative  to  the  parental  PPC-1  cells  or  lines  containing 
empty  pCIN4  expression  vector,  with  some  Ets2full 
and  Ets2DBD  expressing  clones  exhibiting  more  than  a 
10-fold  reduction  in  soft  agar  colony  formation. 
Parallel  plating  experiments  on  tissue  culture  dishes, 
using  the  same  dilution  of  cells  used  in  the  soft  agar 
assay,  showed  that  the  Ets2  construct-expressing  clones 
could  form  the  same  number  of  colonies  as  control  cell 
lines  (data  not  shown). 

Expression  of  the  introduced  Ets2  constructs  in  the 
PPC-1  cell  lines  was  measured  by  immunoblotting  of 
whole  cell  extract  with  an  antibody  directed  against  the 
FLAG  epitope  tag  on  the  Ets2  and  Ets2DBD 
constructs.  A  range  of  full-length  Ets2  expression  was 
seen  in  the  different  clones  derived  with  the  Ets2full 
expression  construct  (Figure  lb),  with  E2full#ll  and 
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Figure  1  Expression  of  Ets2  constructs  strongly  inhibits  ancho¬ 
rage-independent  growth  of  PPC-1  cells,  and  reduces  their  attached 
growth  rate,  (a)  Individual  stable  PPC-1  cell  clones  expressing  the 
Ets2DBD,  full-length  Ets2,  or  the  empty  vector  pCIN  were  assayed 
for  their  aljility  to  grow  in  soft  agar.  Soft  agar  growth  is  expressed  as 
per  cent  colony  formation  relative  to  the  PPC-1  parental  cell  line  in 
each  experiment.  The  indicated  averages  and  standard  deviation 
were  from  duplicates  of  at  least  two  independent  experiments,  (b) 
Immunoblot  analysis  of  Ets2  protein  levels,  using  anti-Flag  M5 
antibody  and  whole  cell  extracts  from  stable  cell  lines  expressing 
full-length  Ets2  or  the  Ets2DBD.  The  specific  signals  from  Ets2 
(67  kDa)  and  Ets2DBD  (22  kDa)  are  indicated  with  an  arrow.  The 
doubling  time  of  each  cell  line  attached  to  tissue  culture  dishes  is 
indicated  beneath  the  corresponding  lane,  (c)  Immunoblot  analysis 
of  introduced  and  endogenous  Ets2  in  PPC-1  whole  cell  extract, 
using  Ets2(C-20)  antibody.  Lane  1.  PPC-l  cells;  lane  2,  cells 
transiently  transfected  with  the  Ets2  expression  construct;  lanes  3 
and  4,  clones  Ets2full#Il  and  Ets2full#l,  which  stably  overexpress 
Ets2 
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E2full#52  showing  high  Ets2  expression,  and  E2full#l 
expressing  moderate  amounts  of  Ets2.  The  amount  of 
Ets2  expression  in  these  lines  (Figure  lb)  corresponded 
to  the  degree  of  soft  agar  growth  inhibition,  as  shown 
in  Figure  la.  Similarly,  a  range  of  Ets2DBD  expression 
was  seen  in  the  individual  stable  PPC-1  cell  lines 
derived  with  Ets2DBD  expression  construct,  and  a 
clone  expressing  a  high  amount  of  Ets2DBD 
(Ets2DBD#5)  showed  the  greatest  inhibition  of  soft 
agar  growth  (Figure  la  and  data  not  shown).  Because 
of  the  selective  pressure  against  high  Ets2  construct 
expression  (see  below),  there  was  some  variation  over 
time  in  the  absolute  amount  of  Ets2  construct 
expressed  in  the  stable  cell  lines.  However,  the 
generally  high  or  low  Ets2  construct  expression  was 
stably  maintained  in  these  PPC-1  cell  clones  through¬ 
out  passaging  required  to  complete  the  various 
biological  assays  (data  not  shown). 

The  amount  of  introduced  full-length  Ets2  relative  to 
the  endogenous  Ets2  in  PPC-1  cells  was  estimated  by 
immunoblotting  using  an  Ets2-specific  antibody.  Quan¬ 
titative  analysis  of  the  signals  shown  in  Figure  Ic 
revealed  that  the  Ets2full#ll  and  Ets2full#l  clones 
were  expressing  about  eight-  and  fivefold  more  Ets2 
than  the  parental  cells,  respectively.  Thus,  these  stable 
PPC-1  cell  clones  are  significantly  overexpressing  Ets2, 
and  the  eightfold  overexpressing  Ets2full#ll  line 
exhibits  strong  inhibition  of  both  attached  and  soft 
agar  cell  growth.  Extract  from  PPC-1  cells  transiently 
transfected  with  the  Ets2  expression  construct  (Figure 
Ic,  lane  2)  was  used  to  confirm  the  identity  of  the  Ets2 
band,  and  use  of  a  distinct  Ets2-specific  antibody  that 
we  generated  (McCarthy  et  al,  1997)  gave  similar 
quantitative  results  (data  not  shown).  Overall,  expres¬ 
sion  of  either  full-length  Ets2  or  just  the  DNA  binding 
domain  of  Ets2  specifically  inhibited  the  anchorage- 
independent  growth  of  PPC-1  cells. 

Expression  of  Ets2  or  the  Ets2DBD  increases  the 
attached  cell  doubling  time 

We  previously  found  that  expression  of  full-length  Ets2 
or  the  Ets2DBD  strongly  inhibited  the  anchorage- 
independent  growth  of  a  Ras-transformed  NIH3T3  cell 
line,  but  did  not  inhibit  its  attached  cell  growth  (Foos 
et  aL,  1998).  In  contrast,  we  observed  that  the  Ets2 
construct-expressing  PPC-1  clones  formed  smaller 
attached  cell  colonies  and  grew  more  slowly  than  the 
PPC-1  cell  lines  containing  the  empty  pCIN4  expres¬ 
sion  vector.  Analysis  of  the  attached  cell  growth  rate  of 
the  PPC-1  clones  (Figure  lb)  revealed  that  the  clones 
expressing  high  levels  of  either  Ets2  or  the  Ets2DBD 
showed  a  large  increase  in  doubling  time.  While  the 
parental  PPC-1  cells  had  a  doubling  time  of  28  h,  the 
lines  expressing  high  levels  of  full-length  Ets2  (#11  and 
#52)  had  doubling  times  of  42  and  59  h  respectively. 
Similarly,  the  line  expressing  the  most  Ets2DBD  (#5) 
had  a  50  h  doubling  time.  The  slower  growth  rate  of 
Ets2  or  Ets2DBD-expressing  cells  raised  the  question 
whether  the  failure  to  form  visible  soft  agar  colonies  by 
these  clones  was  simply  due  to  these  cells  taking  longer 
to  form  colonies.  Examination  of  soft  agar  colonies 
stained  with  the  vital  dye  INT  showed  that  after  3 
weeks  of  growth,  PPC-1  colonies  consisted  of  hundreds 
of  metabolically  active  cells,  whereas  the  colonies  from 
the  Ets2-expressing  PPC-1  cell  lines  consisted  of  only  a 
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few  metabolically  inactive  cells  (data  not  shown). 
Clearly  this  difference  in  the  soft  agar  growth  was 
not  simply  due  to  a  twofold  reduction  in  the  attached 
cell  growth  rate. 


Increased  apoptotic  cell  death  in  PPC-1  cells  expressing 
Ets2  constructs 

We  observed  in  the  routine  culturing  of  stable  PPC-1 
clones  expressing  either  the  Ets2DBD  or  full-length 
Ets2,  that  in  addition  to  a  slower  apparent  growth  rate 
(Figure  lb),  there  was  a  significantly  larger  number  of 
dead  and  dying  cells  present.  This  cell  death  was  not 
observed  in  cultures  of  the  parental  PPC-l  cells  or  in 
clones  generated  with  the  empty  pCIN4  vector. 
Morphological  examination  of  cells  stained  with 
acridine  orange  and  ethidium  bromide  revealed  that 
multiple  clones  expressing  either  the  Ets2DBD  or  full- 
length  Ets2  showed  up  to  a  ninefold  increase  in  the 
number  of  cells  exhibiting  membrane  blebbing  or 
nuclear  condensation,  relative  to  the  parental  cell  line 
PPC-1  or  pCIN  empty  vector  clones  (data  not  shown). 
Such  morphological  changes  suggested  a  significant 
portion  of  the  Ets2  construct-expressing  cells  were 
apoptotic. 

As  an  independent  assay  for  apoptotic  death,  we 
analysed  whether  these  cells  exhibited  membrane 
inversion,  an  early  event  in  apoptosis.  The  cells  were 
stained  with  fluorescene-conjugated  annexin-V  and 
propidium  iodide,  and  then  analysed  by  FACS.  The 
results  of  a  representative  experiment  are  shown  in 
Figure  2.  In  both  the  parental  cell  line  PPC-1  and  the 
empty  vector  control  line  pCIN#56,  very  low  levels  of 
Annexin-V  positive  and  propidium  iodide  negative 
(apoptotic)  cells  were  present  (1.9  and  0.9%  respec¬ 
tively).  However,  in  PPC-1  cells  expressing  a  high 
amount  of  Ets2,  Ets2full#52,  16.5%  of  the  cells  were 
scored  as  apoptotic.  Similarly,  Ets2DBD  expressing  cell 
lines  also  exhibited  increased  apoptosis,  with  11.5%  of 
the  cells  scored  as  apoptotic  in  Ets2DBD#5,  the  high 
Ets2DBD  expressing  line.  The  level  of  apoptosis  in 
these  asynchronously  dying  cells  was  likely  even  higher 
than  was  scored  in  Figure  2,  as  to  exclude  possibly 
necrotic  cells,  the  Annexin  V  positive  cells  that  were 
also  propidium  iodide  stained  were  not  co:pnted. 
Multiple  independent  experiments  yielded  similar 
results,  with  an  increase  in  apoptotic  cells  for  the 
Ets2  full  lines  and  the  Ets2DBD  lines  with  high  levels 
of  Ets2  construct  expression.  Thus,  stable  overexpres¬ 
sion  of  either  the  Ets2DBD  or  full-length  Ets2  leads  to 
a  dramatic  increase  in  apoptosis  in  PPC-1  cells. 


Expression  of  the  Ets2DBD  has  opposite  effects  on 
Ets-dependent  reporter  genes  in  PPC-1  cells  and 
MDA-MB-435  cells 

To  determine  whether  Ets2DBD  also  acts  ‘as  a 
dominant  inhibitor  of  Ets  dependent  transcription  in 
PPC-1  cells,  we  compared  the  effects  of  this  construct 
on  Ets  dependent  reporter  constructs  in  PPC-1  cells 
and  the  MDA-MB-435  breast  tumor  cell  line  (Figure 
3a).  Empty  expression  vector,  or  an  expression 
construct  for  full-length  Ets2  (pCINE2full),  or  for  the 
Ets2DBD  (pCINEts2DBD)  was  cotransfected  with 
either  the  minimal  promoter-containing  A56-Fos-Luc 
reporter,  this  reporter  with  multiple  palindromic  Ets2 
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Figure  2  Expression  of  Ets2  or  Ets2DBD  leads  to  increase  of 
apoptosis  in  PPC-1  cells.  Representative  FACS  analysis  of  PPC-1 
cells  or  clones  expressing  full-length  Ets2  or  Ets2DBD,  stained 
with  fluorescein-conjugated  Annexin-V  and  propidium  iodide. 
The  cells  scored  positive  for  Annexin-V  and  negative  for 
propidium  iodide  (apoptotic)  are  indicated  by  the  box.  The 
percentage  of  apoptotic  cells  present  in  the  culture,  relative  to  the 
total  number  of  cells  for  each  line,  is  summarized  at  the  bottom 


binding  sites  (E.36)  which  is  preferentially  activated  by 
Ets2,  or  with  multiple  Ets-AP-1  elements  (Py2),  which 
is  activated  by  several  Ets  factors  including  Ets2.  As 
expected,  increased  expression  of  full-length  Ets2 
activated  the  expression  of  the  Ets-dependent  E.36-luc 
reporter  gene  in  both  cell  lines  (Figure  3a).  Unexpect¬ 
edly,  expression  of  the  Ets2E)BD  in  PPC-1  cells 
activated  E.36-luc  reporter  gene  expression  eightfold 
and  Py2-luc  fourfold.  In  contrast,  and  similar  to  our 
previous  observations  in  NIH3T3  cells  (Galang  et  ai, 
1996),  the  Ets2DBD  inhibited  expression  of  the  E.36- 
luc  and  Py2-luc  reporters  in  MDA-MB-435  cells 
(Figure  3a). 

Ets-dependent  gene  expression  is  elevated  in  PPC-1  cells 
stably  expressing  Ets2  or  Ets2DBD 

To  determine  whether  similar  alterations  in  Ets- 
dependent  gene  expression  occur  in  the  PPC-1  clones 
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Figure  3  Activation  of  Ets-dependent  reporter  genes  in  PPC-1 
lines  by  both  full-length  Ets2  and  the  Ets2DBD.  (a)  Results  of 
transient  cotransfection  assays  in  the  indicated  cell  lines.  The  cells 
were  cotransfected  with  the  A56fos  (white  bars),  E.36  (black  bars) 
or  Py2  (striped  bars)  reporters,  and  with  either  empty  pCIN4 
expression  vector  or  expression  constructs  for  Ets2DBD  or  full- 
length  Ets2  (E2full).  The  fold  activation  is  the  luciferase  activity 
of  each  reporter  contransfected  with  E2DBD  or  E2full,  relative  to 
luciferase  activity  from  that  reporter  in  the  same  cell  line 
cotransfected  with  pCIN4.  (b)  Relative  expression  of  reporter 
genes  transfected  into  PPC-1  cell  lines  stably  expressing  Ets2 
constructs.  The  expression  of  the  E.36  or  Py2  reporters  relative  to 
the  expression  of  A56fos  in  each  indicated  cell  line  is  shown. 
Assays  were  done  in  parallel  experiments,  and  the  average  and 
standard  error  of  the  assays  is  shown 


Stably  expressing  the  various  Ets2  constructs,  we  used 
these  stable  cell  lines  for  additional  reporter  gene 
analysis.  Each  stable  clone  was  transfected  with  the 
A56Fos  reporter,  or  the  Ets-dependent  reporter  genes 
E.36  or  Py2.  Figure  3b  shows  the  expression  of  E.36  or 
Py2  relative  to  the  expression  of  A56Fos  in  the  same 
line.  Similar  to  the  unexpected  results  obtained  in  the 
transient  cotransfection  studies  above,  there  was 
increased  expression  of  the  E.36  and  Py2  reporter 
genes  in  the  EtsDBD  overexpressing  PPC-1  line.  The 
expression  of  Py2  relative  to  A56Fos  (22-fold)  in  this 
line  was  higher  than  the  control  cell  line  (12-fold)  or 
for  the  full-length  Ets2  expressing  lines  tested  (8-  and 
11-fold). 
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suggests  that  the  cyclin-dependent  kinase  inhibitors 
could  be  a  potential  downstream  target.  Expression  of 
p21^*p  is  activated  by  hyperstimulation  of  the  Ras/Raf 
signaling  pathway  (Woods  et  aL,  1997),  and  p2F‘'’  has 
been  reported  to  be  a  direct  transcriptional  target  of 
overexpressed  Ets  factor  ElAF  (Funaoka  et  al.,  1997). 

We  measured  the  steady-state  levels  of  p2F‘p  and  the 
related  p27‘^‘p'  protein  in  the  stable  cell  lines  using 
immunoblot  analysis  (Figure  4).  Relative  to  the  low 
levels  of  p2F‘p  protein  in  the  parental  PPC-1  cell  line 
or  the  pCIN  empty  vector  lines,  p2F‘p  protein 
expression  was  significantly  elevated  in  multiple  PPC- 
1  cell  lines  that  express  either  full-length  Ets2  or 
Ets2DBD  (Figure  4a).  The  highest  amount  of  p21 
protein  in  the  Ets2full  lines  was  observed  in 
Ets2full#52,  a  high  expresser  of  Ets2,  whereas  the 
lowest  p21  induction  was  in  Ets2full#51  (Figure  4a),  a 
clone  with  little  Ets2  expression  (data  not  shown). 
Interestingly,  elevated  p2F*p  levels  were  also  observed 
in  PPC-1  lines  reverted  by  expression  of  the  dominant 
inhibitory  Ets2DBD  construct  (Figure  4a  and  data  not 
shown).  The  elevation  of  p21‘=‘p  levels  by  expression  of 
either  full-length  Ets2  or  Ets2DBD  may  be  a  result  of 
direct  transcriptional  regulation  of  p2F‘p  by  Ets 
factors,  as  in  PPC-1  cells,  both  of  these  Ets2 
constructs  can  cause  activation  of  Ets-dependent 
transcription. 

To  measure  the  amount  of  p2F‘p  and  p27’^®p*  mRNA 
in  the  reverted  cells,  we  performed  RNase  protection 
experiments  (Figure  4b).  The  levels  of  p21  and  p27 
expression  were  normalized  to  the  expression  of  the 
internal  cyclophilin  control  for  each  sample.  Nearly 
identical  results  were  obtained  normalizing  to  a 
GAPDH  internal  control  (data  not  shown).  Quantita¬ 
tive  analysis  revealed  that  p27*^‘p‘  mRNA  levels  were 
not  significantly  altered  compared  to  both  negative 
control  lines,  but  p2F‘p  expression  was  elevated  in  the 
lines  expressing  the  most  full-length  Ets2  or  EtsDBD, 
with  the  maximum  observed  stimulation  of  2.4-fold  in 
the  Ets2full#ll  line  (see  Figure  4b).  To  determine 
whether  the  elevated  p21  expression  could  be  a 
transcriptional  consequence  of  altered  Ets  activity  in 
PPC-1  cells,  we  tested  the  ability  of  reporter  genes 
containing  portions  of  the  p21^'p  promoter  to  be 
transactivated  by  cotransfection  of  Ets2  or  the 
Ets2DBD  in  these  cells  (Figure  4c).  The  p2F’p  reporter 
0-luc  was  maximally  activated  7.6-fold  by  full-length 
Ets2,  similar  to  the  8.4-fold  Ets2  activation  of  the 
truncated  4-luc  p21  reporter.  Dose-response  analysis 
indicated  that  this  amount  of  Ets2  expression  con¬ 
struct  also  gave  maximal  expression  of  the  synthetic 
Ets2-responsive  reporter  E.36-luc  (data  not  shown). 

While  expression  of  the  Ets2  DBD  did  not  exhibit 
significant  effects  with  this  reporter,  the  stimulation  of 
p2F‘p  expression  by  full-length  Ets2  in  this  cotransfec¬ 
tion  assay  was  significantly  larger  than  that  seen  with 
the  A56fos-luc  control  reporter  (Figure  4c).  Overall, 
the  effects  of  Ets2  on  both  the  endogenous  p21  and 
the  p21  reporter  genes  suggests  that  p21  may  be  a 
direct  target  of  Ets  signaling  in  the  reverted  PPC-1 
cells. 


PPC-1  cells  expressing  Ets2  or  Ets2DBD  have  increased 
levels  of  p21^'^ 

The  altered  growth  properties  and  increased  apoptosis 
observed  in  Ets2  construct-expressing  PPC-1  cells 


Decreased  motility  in  cell  lines  expressing  Ets2  con¬ 
structs  We  examined  motility  of  the  PPC-1 -derived 
cell  lines  through  an  8  jum  pore  uncoated  filter  in 
response  to  a  serum  gradient.  As  shown  in  Figure  5a, 
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PPC-1  cells  expressing  either  Ets2full  or  Ets2DBD 
showed  significantly  reduced  motility  in  this  assay, 
exhibiting  17  to  37%  of  the  motility  of  the  parental  cell 
line  PPC-1.  A  control  cell  line,  pCIN#56,  which 
contains  only  the  empty  expression  vector,  did  not 
show  significantly  altered  motility.  An  average  of  600 
PPC-1  cells  migrated  through  the  membrane  in  16  h, 
using  the  conditions  described  in  Materials  and 
methods.  The  reduction  in  motility  was  proportional 
to  the  level  of  the  expression  of  either  of  the  different 
Ets2  constructs  (see  Figure  lb).  The  strong  reduction 
in  apparent  motility  was  not  simply  a  consequence  of 
reduced  cell  division,  because  the  measurements  took 
place  over  less  than  one  doubling  time.  Overall,  stable 
expression  of  either  full-length  Ets2  or  the  Ets2DBD 
inhibited  PPC-1  cell  motility. 

Overexpression  of  Ets2DBD  but  not  full-length  Ets2  in 
PPC-1  cells  blocks  in  vitro  invasion  Invasion  through 
basement  membranes  is  an  important  step  in  the 
metastatic  process.  We  have  assayed  the  in  vitro 
invasion  potential  of  PPC-1  cells  expressing  full-length 
Ets2  or  Ets2DBD,  by  measuring  their  ability  to 
traverse  through  filters  coated  with  reconstituted 
basement  membrane  (Matrigel).  NIH3T3  cell  condi¬ 
tioned  RPMI  media  was  used  as  a  chemoattractant. 
Figure  5b  shows  that  the  cell  lines  expressing  the 
Ets2DBD  exhibited  significantly  reduced  invasiveness 
in  these  assays.  For  the  Ets2DBD#5  line,  the 
percentage  of  invading  cells  was  comparable  to  that 
of  the  normal  NIH3T3  cells  (Figure  5b).  Interestingly, 
despite  the  parallel  changes  in  phenotype  of  full-length 
Ets2  expressing  PPC-1  cells  with  the  Ets2DBD  lines  in 
the  other  assays  described  above,  the  cell  lines 
expressing  full-length  Ets2  showed  no  reduction  in 
their  invasion  activity.  If  anything,  PPC-1  cells 
expressing  full-length  Ets2  were  slightly  more  invasive 
than  the  parental  PPC-1  cells  (Figure  5b).  These  results 
suggest  that  full-length  Ets2  and  the  Ets2DBD,  have 
some  distinct  targets  in  PPC-1  tumor  cells. 
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Figure  4  PPC-1  cells  expressing  Ets2  or  Ets2DBD  express 
increased  levels  of  p21^‘'’.  (a)  Immunoblot  assay  of 
and  p27'^'P’  protein  levels.  Equal  amounts  of  protein  from  whole 
cell  extracts  were  immunoblotted  and  probed  with  a  combination 
of  antibodies  against  and  p27'^‘P'.  The  specific  signals 

for  p21  and  p27  are  indicated,  (b)  Multiplex  RNase  protection 
assay  where  RNA  samples  from  each  indicated  cell  line  were 
simultaneously  analysed  with  probes  from  p27,  p21,  and 
cyclophilin.  The  indicated  bands  were  quantitated  and  normalized 
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Discussion 

In  this  study,  we  have  utilized  prostate  tumor  cell  line 
clones  stably  expressing  dominant  acting  Ets2  con¬ 
structs  to  demonstrate  that  Ets  factors  can  mediate 
diverse  aspects  of  the  transformed  phenotype.  Altering 
Ets-dependent  gene  expression  in  two  distinct  ways,  by 
either  stably  expressing  an  activator  (full-length  Ets2) 
or  a  dominant  inhibitor  (the  Ets2DBD)  greatly 
inhibited  anchorage-independent  PPC-1  cell  growth. 
These  results  were  similar  to  what  we  previously 
observed  with  Ras  transformed  murine  fibroblasts 


to  the  cyclophilin  internal  control.  The  relative  expression  shown 
below  the  lanes  are  the  ratio  of  the  normalized  signal  to  the 
corresponding  signal  from  the  empty  vector-containing  pCIN#6 
cell  line,  (c)  Transient  cotransfection  assay  of  a  p21  reporter  gene 
with  Ets2  constructs  in  PPC-l  cells.  The  cells  were  cotransfected 
with  the  p2l  reporters  0-luc  or  4-luc,  or  the  A56fos-luc  reporter, 
and  either  empty  expression  vector  (pCIN4),  or  Ets2full  or 
Ets2DBD  expression  constructs.  The  fold  activation  is  the  ratio  of 
luciferase  activity  of  the  reporter  when  cotransfected  with  Ets2full 
(white  bars)  or  Ets2DBD  (black  bars)  relative  to  the  same 
reporter  cotransfected  with  pCIN4 
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(Foos  et  al.,  1998),  and  we  have  also  observed  that 
the  Ets2DBD  DNA  binding  activity  is  required  for 
reversion  activity  (C  Galang  and  CA  Hauser, 
unpublished  observations).  However,  in  contrast  to 
reverted  NIH3T3  cells,  high  expression  of  either  full- 
length  Ets2  or  the  Ets2DBD  in  PPC-1  cells  caused  an 
apparent  reduction  in  the  attached  cell  growth  rate. 
This  was  due,  at  least  in  part,  to  the  fairly  dramatic 
induction  of  apoptosis.  While  expression  of  the 
Ets2DBD  or  full-length  Ets2  had  several  common 
effects  on  PPC-1  cells,  a  striking  difference  was 
observed  in  the  invasive  behavior  of  the  cell  lines 
expressing  these  distinct  Ets2  constructs.  PPC-1  cells 
expressing  the  Ets2DBD  almost  completely  lost  their 
in  vitro  invasion  activity,  whereas  cell  lines  expressing 
full-length  Ets2  were  fully  invasive.  Thus,  these  two 
types  of  Ets2  constructs  are  not  acting  through 
identical  mechanisms.  The  observed  effects  of  altered 
Ets  activity  on  tumor  cell  growth,  survival,  and 
invasiveness,  were  verified  in  multiple  independent 
clonal  cell  lines  for  each  construct,  and  the  effects 
correlate  with  the  levels  of  Ets2  construct  expression. 

Altering  the  balance  of  Ets-dependent  gene  expres¬ 
sion  had  a  strong  effect  on  PPC-1  cell  survival,  as  there 
was  up  to  a  10-fold  increase  in  the  number  of  apoptotic 
cells  observed  in  Ets2  construct-expressing  PPC-1 
clones  (Figure  2).  This  somewhat  unusual  steady-state 
apoptosis  is  likely  the  consequence  of  selecting  for 
stable  PPC-1  clones  expressing  enough  of  the  Ets2/ 
NPT  bicistronic  message  to  confer  G418  resistance,  but 
not  so  much  Ets2  as  to  cause  an  amount  of  cell  death 
which  overrides  the  cell  growth.  Because  G418  does 
not  induce  apoptotic  death  (Chen  et  aL,  1995),  the 
observed  apoptosis  is  not  simply  from  insufficient  G418 
resistance.  The  mechanism  by  which  apoptotic  path¬ 
ways  are  regulated  by  Ets  factors  are  not  clear.  In  the 
case  of  the  p42  Etsl  splice  variant,  expression  of  this 
truncated  protein,  but  not  full-length  Etsl,  sensitized 
DLD-1  colon  tumor  cells  to  Fas-mediated  apoptosis, 
and  this  cell  death  required  caspase-1  activation  (Li  et 
al,  1999).  In  contrast,  expression  of  full-length  Ets2 
was  reported  to  inhibit  apoptosis  in  macrophages  upon 
growth  factor  withdrawal,  and  was  postulated  to  act 
through  transcriptional  induction  of  bcl-x(L)  (Sevilla  et 
ai,  1999).  In  Drosophila,  a  genetic  study  found  that 
loss-of-function  allele  of  the  pointed  P2  Ets  factor 
sensitized  eye  cells  to  apoptosis  upon  hid  overexpres¬ 
sion  (Kurada  and  White,  1998).  Unlike  these  previous 
reports,  where  altered  Ets  factor  activity  sensitized  cells 
to  apoptosis-inducing  agents,  apoptosis  occurred 
spontaneously  in  the  Ets2  construct-expressing  PPC-1 
cells  described  here.  Thus,  Ets  signaling  can  have  a 
strong  direct  effect  on  the  survival  of  this  prostate 
tumor  cell  line. 

We  initially  postulated  that  full-length  Ets2  acts  as 
an  activator  of  Ets-dependent  transcription,  and  the 
Ets2DBD  would  bind  non-productively  to  Ets  binding 
sites  to  broadly  inhibit  Ets-dependent  gene  expression 
in  PPC-1  cells.  This  was  the  result  we  observed  in 
NIH3T3  cells  (Galang  et  ai,  1996;  Foos  et  ai,  1998). 
However,  with  the  exception  of  invasiveness,  there  was 
extensive  similarity  in  the  altered  phenotype  of  PPC-1 
clones  expressing  either  the  presumptive  activator  or 
inhibitor  of  Ets-dependent  transcription.  When  we 
directly  tested  the  transcriptional  effects  of  full-length 
Ets2  and  the  Ets2DBD  in  PPC-1  cells  using  transient 
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cotransfection  assays,  we  found  that  while  full-length 
Ets2  does  indeed  activate  expression  of  the  Ets- 
dependent  reporters,  the  Ets2DBD  also  unexpectedly 
activated  reporter  gene  expression  (Figure  3a).  This 
transactivation  by  the  Ets2DBD  was  not  only  in 
contrast  to  the  results  in  NIH3T3  cells,  but  also  the 
opposite  result  of  that  seen  in  the  MDA-MB-435 
breast  tumor  cells  analysed  in  parallel  with  the  PPC-1 
cells  (Figure  3a).  Analysis  of  PPC-1  clones  stably 
expressing  either  Ets2  or  the  Ets2DBD  also  showed 
that  expression  of  the  Ets2DBD  increased  the  expres¬ 
sion  of  Ets-dependent  reporters  (Figure  3b).  Finally,  a 
similar  activation  by  the  Ets2DBD  was  seen  in  the 
analysis  of  a  potential  Ets  target  gene  p2F‘p,  both  in 
analysis  of  the  endogenous  p2F'P  gene,  and  in 
cotransfection  experiments  with  a  p21“p  reporter 


a 


PPC-1  Ets2  Ets2  Ets2  Ets2  NIH 
ftiUfll  DBD#5  DB0#3  3T3 


b 


PPC-1  Ets2  Et52  Ets2  Ets2  NIH 

B]U#1  ftalUll  DBD#5  DBD#3  3T3 


Figure  5  Eifects  of  Ets2  or  Ets2DBD  on  motility  and  invasion 
of  PPC-1  cells,  (a)  Motility  assay  of  the  indicated  stable  PPC-1 
clones,  measuring  the  ability  of  cells  to  traverse  uncoated  filter 
inserts  in  16  h.  The  migration  rate  of  the  pCIN#56  control  cell 
line  (which  averaged  2000  cells/field)  was  defined  as  100%,  and 
the  average  relative  migration  rates  of  the  indicated  stable  cell 
lines  are  shown.  Values  shown  are  the  mean  of  triplicates  from 
three  different  experiments,  (b)  In  vitro  invasion  assays  of  the 
indicated  stable  PPC-1  clones  were  performed  using  invasion 
chambers  coated  with  Matrigel,  as  described  in  Materials  and 
methods.  The  invasion  rate  of  pCIN#56  (which  averaged  355 
cells/field)  was  defined  as  100%.  The  relative  invasion  rate  of  each 
indicated  clone  is  shown,  and  represents  the  average  of  triplicates 
from  three  different  experiments 
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(Figure  4b, c).  This  induction  of  p2F‘P  expression  by 
either  Ets2  construct  may  be  partially  responsible  for 
the  reduced  growth  rate  of  PPC-1  cells  expressing  these 
constructs  (Figure  lb).  We  have  not  yet  identified 
essential  Ets  binding  sites  in  the  p21  promoter,  but 
neither  of  the  two  previously  characterized  upstream 
overlapping  Ets/p53  binding  sites  at  approximately 
—  2.2  kb  and  — 1.3  k  (Funaoka  et  aL,  1997;  Beier  et 
aL,  1999)  are  present  in  the  4-Luc  reporter.  In  addition, 
PPC-1  cells  are  reported  to  contain  only  mutant  p53 
(Borner  et  aL,  1995),  so  interaction  with  p53  is  an 
unlikely  mechanism  for  the  Ets2  constructs  in  regulat¬ 
ing  p21  expression  in  these  cells.  Possible  mechanisms 
for  transactivation  by  the  Ets2  DNA  binding  domain 
alone,  more  pronounced  in  the  synthetic  E.36  and  Py2 
reporters,  is  that  it  acts  by  displacing  Ets  family 
transcriptional  repressors  (e.g.  ERF,  TEL,  or  NET),  or 
that  it  binds  DNA  and  recruits  other  activator  proteins 
through  protein  "protein  interactions.  We  are  now 
investigating  whether,  unlike  other  cell  types,  PPC-1 
cells  or  other  prostate  tumor  cell  lines  have  a 
functional  predominance  of  Ets  family  repressor 
proteins. 

The  ability  of  prostate  tumor  cells  to  invade  through 
basement  membrane  is  a  key  component  of  their 
metastatic  behavior.  It  is  likely  that  Ets  factors 
influence  the  expression  of  many  metalloproteinases 
(MMPs)  associated  with  invasiveness,  as  Ets  binding 
sites  are  regulatory  elements  in  the  promoters  of  many 
of  these  MMP  genes  (reviewed  in  Crawford  and 
Matrisian,  1996;  Borden  and  Heller,  1997).  Altered 
Ets  activity  has  been  reported  to  impair  the  motility  or 
invasiveness  of  other  cell  types.  Etsl  antisense 
oligonucleotides  inhibited  the  motility  and  invasiveness 
of  endothelial  cells  (Chen  et  al,  1997),  and  expression 
of  the  EtslDBD  or  Ets2DBD  inhibited  the  migration 
and  invasiveness  of  breast  tumor  cell  lines  (Sapi  et  aL, 
1998;  Delannoy-Courdent  et  al.,  1998).  We  show  here 
that  stable  expression  of  the  Ets2DBD  resulted  in  a 
complete  inhibition  of  the  in  vitro  invasiveness  of  PPC- 
1  cells.  This  result  was  in  sharp  contrast  to  expression 
of  full-length  Ets2  in  PPC-1  cells,  which  exhibited  no 
inhibition  of  in  vitro  invasiveness  (Figure  5).  These 
results  indicate  that  full-length  Ets2  and  the  Ets2DBD 
do  have  some  distinct  biologically  important  targets  in 
PPC-I  cells.  We  do  not  yet  know  the  mechanism  by 
which  Ets2  or  the  Ets2DBD  are  differentially  regulat¬ 
ing  target  gene  expression,  but  it  may  depend  on 
promoter  context.  We  are  now  undertaking  several 
approaches  to  determine  which  of  the  many  genes 
associated  with  invasiveness  (e.g.  MMPs,  TIMPs,  and 
integrins)  exhibit  altered  expression  in  the  various 
PPC-1  cell  clones. 

In  summary,  we  have  found  that  Ets  factor  activity 
can  strongly  influence  the  transformed  and  invasive 
phenotype  of  a  human  prostate  tumor  cell  line.  This 
novel  linkage  of  Ets  signaling  to  features  such  as  the 
survival  and  invasiveness  of  a  prostate  tumor  cell  line, 
suggests  that  Ets  proteins  and  the  signaling  pathways 
that  control  their  activity  may  represent  potentially 
useful  targets  for  the  treatment  of  prostate  cancer.  It 
will  be  of  great  interest  to  characterize  the  Ets  target 
genes  and  the  mechanisms  by  which  they  regulate  the 
transformed  phenotype  of  PPC-1  cells,  and  to 
determine  the  generality  of  these  pathways  in  other 
prostate  tumor  cells. 


Materials  and  methods 
Cell  growth  and  selection 

The  PPC-1  human  prostatic  carcinoma  cell  line  was 
originally  obtained  from  ATCC,  and  was  cultured  in 
RPMI  1640  media  supplemented  with  10%  fetal  calf 
serum  (Gemini).  The  PPC-1  cells  were  transfected  by  the 
calcium  phosphate  method  we  previously  described  (Foos 
et  al,  1998),  except  that  for  a  10  cm  dish,  10  ii%  of  pCIN- 
derived  expression  plasmid  DNA  and  10  //g  of  high 
molecular  weight  herring  testes  carrier  DNA  were  used. 
Stable  colonies  were  selected  3  days  after  transfection 
using  media  containing  400 /ig/ml  of  active  G418  (Calbio- 
chem).  Multiple  isolated  PPC-1  cell  clones  derived  from 
each  expression  plasmid  were  randomly  picked,  expanded 
and  passaged  in  the  presence  of  400  //g/ml  G418  for 
subsequent  analysis. 


Ets2  expression  plasmids 

We  have  previously  described  the  expression  constructs  for 
the  FLAG  epitope  tagged  Ets2  DNA  binding  domain 
(Ets2DBD)  and  the  full-length  Ets2  (Ets2full)  in  the  pCIN4 
vector  (Foos  et  aL,  1998).  The  CMV-driven  pCIN4 
expression  vector  is  a  derivative  of  the  pCIN  plasmid  (Rees 
et  ai,  1996),  and  the  Ets2  expression  constructs  in  this  vector 
express  a  bicistronic  message  encoding  the  inserted  Ets2 
coding  sequences  at  the  5'  end,  an  IRES,  and  then  the  NPT 
gene  encoding  G418  resistance. 

Attached  colony  and  soft  agar  growth  assays 

Soft  agar  assays  were  essentially  performed  as  previously 
described  (Clark  et  al.,  1995)  with  1000  cells  plated  in  soft 
agar  without  G418.  The  soft  agar  plates  were  fed  with 
0.5  ml  growth  media  every  3  days,  and  after  14  days,  the 
cells  were  stained  14  h  with  the  vital  dye  p-Iodonitrote- 
trazolium  violet  (INT).  Soft  agar  colonies  visible  without 
magnification  were  counted  manually.  In  parallel  to  each 
soft  agar  assay,  an  attached  growth  assay  was  performed, 
where  400  cells  from  the  same  cell  dilutions  were  plated  in 
50%  standard  growth  media  and  50%  conditioned  growth 
media  on  standard  tissue  culture  dishes  and  grown  for  7 
days.  Conditioned  media  was  standard  growth  media  in 
which  ~30%  confluent  attached  PPC-1  cells  were  grown  for 
24  h,  which  was  then  collected  and  sterile  filtered.  Attached 
colonies  were  stained  with  crystal  violet  and  counted.  The 
number  of  soft  agar  colonies  for  each  cell  line  was  then 
normalized  by  multiplying  by  the  ratio  (attached  colonies 
from  PPC-1  cells)/(attached  colonies  from  the  cell  line)  in 
the  same  experiment.  The  doubling  times  for  the  cell  lines 
were  determined  by  plating  2000  cells  in  quadruplicate 
plates,  and  then  harvesting  dishes  after  24,  48,  72,  or  96  h 
and  counting  the  cells  in  a  hemocytometer. 


Immunoblotting 

Immunoblots  were  performed  using  whole  cell  extracts 
containing  equal  amounts  of  total  protein.  The  FLAG 
epitope  tagged  Ets2  proteins  were  detected  in  immunoblots 
using  the  anti-FLAG  M5  monoclonal  antibody  (Kodak). 
Analysis  of  the  ratio  of  endogenous  Ets2  to  introduced  Ets2 
was  performed  by  immunoblotting  with  the  Ets2(C-20) 
antibody  (Santa  Cruz  Biotechnology).  Immunoblot  signals 
were  quantitated  by  imaging  luminescence  with  Pierce 
Supersignal  substrate,  using  a  Chemilmager  (Alpha  Inno¬ 
tech).  The  p21/p27  proteins  were  detected  using  anti-CIP/ 
WAF  and  anti-Kipl/p27  (Transduction  Laboratory)  after 
immunoblotting  extracts  made  from  subconfluent  cells.  Both 
the  anti-p21  and  p27  antibodies  gave  the  expected  specific 
signals  when  used  alone. 
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Apoptosis  assays 

For  analysis  of  nuclear  and  cytoplasmic  morphology, 
attached  cells  were  washed  with  PBS,  then  stained  with 
4  //g/ml  each  of  acridine  orange  and  Ethidium  Bromide  in 
PBS.  For  the  analysis  of  membrane  inversion,  the  ANNEX- 
IN-V-FLOUS  kit  (Boehringer-Mannheim)  was  used  as 
recommended  by  the  manufacturer.  In  brief,  cells  floating 
in  the  media  and  those  removed  from  the  dish  with  trypsin/ 
EDTA  were  collected  by  centrifugation.  The  cells  were 
resuspended  in  PBS,  and  then  stained  with  propidium  iodide 
and  fluorescein  conjugated  Annexin  V,  and  analysed  by 
FACS  (Becton  Dickinson). 

Reporter  gene  and  RNase  protection  assays 

We  have  previously  described  the  minimal  promoter-contain¬ 
ing  reporter  plasmid  A56fos-luc,  and  its  Ets-responsive 
derivatives,  E.36-Iuc  and  Py2-luc  (Foos  et  al.,  1998).  The 
p21‘''P  reporters  0-luc  and  4-luc  contain  the  p21'‘p  promoter 
sequences  from  —2326  to  +  16  or  —883  to  + 16  respectively, 
fused  to  the  luciferase  coding  sequence  (Zeng  et  ai,  1997), 
and  were  generously  provided  by  Dr  WS  El-Diery.  Transfec¬ 
tions  for  reporter  gene  assays  were  performed  using 
Lipofectamine  Plus  (Gibco  BRL)  as  recommended.  In  brief, 
12-weIl  dishes  of  50%  confluent  cells  were  transfected  using 
0.03  p%  of  reporter  plasmid  and  0.45  p%  of  pCIN4-derived 
Ets2  expression  constructs  or  the  empty  pCIN4  vector  for 
each  well.  For  each  transfection,  5  p\  PLUS  reagent  and 
2.S  p\  Lipofectamine  were  used.  Sixteen  hours  following 
transfection,  the  growth  media  was  replaced  with  media 
containing  0.5%  calf  serum,  and  the  cells  were  incubated  for 
an  additional  6  h  before  harvest.  Luciferase  activity  was 
quantitated  using  the  Promega  Luciferase  Assay  System  and 
a  Berthold  Microlumat  LB  96P  luminometer.  Transfection 
efficiency  and  non-specific  effects  were  controlled  as  we 
previously  described  (Hauser  et  al.,  1995),  by  analysing 
multiple  replicates,  and  the  standard  deviations  are  shown. 

RNase  protection  assays  were  performed  using  the  RPA  II 
kit  from  Ambion  as  recommended  by  the  manufacturer,  and 
the  results  quantitated  by  phosphorimager.  Templates  to 
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generate  control  probes  for  human  cyclophilin  and  GAPDH 
were  also  obtained  from  Ambion.  Templates  for  human  p21 
and  p27  RNase  protection  probes  were  generated  by  RT- 
PCR  amplification  of  bases  150-345  and  34-269  of  the  p21 
and  p27  coding  sequences  respectively,  which  were  then 
cloned  into  the  pcDNA3  vector. 


Biocoat  Matrigel  invasion  chambers  (Becton  Dickinson 
Labware)  were  used  to  assess  the  invasiveness  of  the  stable 
PPC-1  clones.  Matrigel  inserts  (24-well  format)  were  placed 
in  wells  containing  0.375  ml  of  standard  growth  media 
(RPMI+10%  FCS)  and  0.375  ml  of  the  same  media 
conditioned  by  NIH3T3  cells.  Then  4x10^  cells  in  0.5  ml 
serum  free  RPMI  media  were  added  to  the  chambers  and  the 
plates  were  incubated  for  24-36  h  at  37°C,  5%  CO2.  Cells 
remaining  on  the  upper  filter  surface  were  removed  by 
scrubbing  with  cotton  tipped  swabs.  The  filter  inserts  were 
stained  with  crystal  violet  and  all  of  the  cells  on  the  bottom 
of  the  filter  were  counted  under  100  x  magnification.  The 
relative  invasion  was  calculated  relative  to  the  average 
invasion  of  the  control  pCIN#56  cells  in  the  same  triplicate 
experiment.  The  standard  deviation  was  the  variation  of  the 
relative  means  between  three  separate  experiments.  Motility 
assays  were  performed  using  Biocoat  Control  inserts,  which 
contain  uncoated  eight  micron  pore  filters.  Motility  assays 
were  performed,  quantitated,  and  analysed  similar  to  the 
invasion  assays,  except  that  RPMI  containing  10%  fetal  calf 
serum  was  used  as  the  chemoattractant,  and  the  cells  stained 
after  16  h. 
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Introduction.  Activation  of  Ras  signaling  stimulates  multiple  downstream  signaling  cascades, 
many  of  which  ultimately  converge  on  the  nucleus  and  broadly  alter  cellular  gene  expression. 
These  widespread  changes  in  gene  expression  are  important  for  regulating  normal  growth,  and 
when  aberrantly  regulated,  for  mediating  oncogenesis.  Many  of  the  changes  in  gene  expression 
mediated  by  Ras  are  the  result  of  signaling  through  multiple  parallel  pathways  resulting  in 
activation  of  MAP  kinase  family  members*-".  These  activated  MAP  kinases  then  translocate  to  the 
nucleus  and  phosphorylate  transcription  factors,  which  can  greatly  increase  their  transactivation 
activity  Reporter  genes  have  been  of  great  use  in  understanding  both  Ras  signal  transduction 
and  its  targets.  There  are  several  different  methods  utilizing  reporter  genes  to  analyze  Ras 
signaling,  and  these  approaches  address  distinct  questions.  One  approach  is  to  transiently 
cotransfect  oncogenic  Ras  and  a  reporter  construct  consisting  of  the  promoter  region  of  the  gene 
fused  to  an  easily  assayed  reporter  coding  sequence  (e.g.  luciferase).  This  approach  is  useful  for 
monitoring  how  the  complex  promoter  elements  of  a  particular  gene  together  respond  to  Ras  to 
regulate  its  transcription.  Another  reporter  gene  approach  for  analyzing  how  Ras  alters  the  activity 
of  a  particular  type  of  transcription  factor,  is  transient  cotransfections  of  Ras  with  a  reporter 
construct  consisting  of  synthetic  binding  sites  for  the  transcription  factor  inserted  into  a  minimal 
promoter-reporter.  We  have  previously  described  the  methods  of  this  approach  in  detail  ,  and 
have  used  it  to  show  that  Ets  transcription  factors  are  targets  of  Ras  signaling  ^  It  is  important  to 
note  that  most  transcription  factors  are  part  of  large  families  that  bind  similar  promoter  sequences. 
Thus,  unless  one  can  observe  “superactivation”  by  cotransfection  of  Ras  and  an  expression 
construct  for  the  specific  transcription  factor  such  reporters  with  synthetic  binding  sites  may 
actually  measure  overall  changes  in  the  activity  of  the  transcription  factor  faimly. 

The  type  of  reporter  gene  analysis  described  in  this  chapter,  utilizes  fusion  proteins  between  a 
heterologous  DNA  binding  domain  from  yeast  GAL4,  and  the  transactivation  domain  of  a  specific 
transcription  factor.  The  transcriptional  activity  of  the  hybrid  transcriptional  activator  is  monitored 
by  cotransfection  with  a  reporter  gene  containing  multiple  GAL4  DNA  binding  sites  in  front  of  a 
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minimal  promoter  and  luciferase  coding  sequence.  This  approach  allows  one  to  analyze  Ras- 
induced  changes  in  the  transactivation  activity  of  a  specific  transcription  factor,  independent  of  its 
normal  DNA  binding  activity  or  the  level  of  the  endogenous  factor  expression.  Mutational  analysis 
of  the  transactivation  domain  present  in  the  fusion  protein  can  be  further  used  to  define  the  residues 
involved  in  mediating  Ras-responsiveness.  In  addition,  this  type  of  reporter  gene  system  is 
extremely  useful  as  a  downstream  readout  to  study  how  different  proteins  or  pharmacological 
agents  alter  specific  Ras  signal  transduction  pathways.  For  example,  stimulation  of  the  ERK, 
INK,  or  p38  MAPK  pathways  have  been  monitored  using  GAL4-Elk,  GAL4-Jun,  or  GAL4- 
CHOP  reporters,  respectively  ’  ^ 

General  Considerations.  Overall,  this  type  of  reporter  gene  analysis  involves  transient 
cotransfection  of  two  or  three  different  plasmids  into  an  appropriate  cell  line.  These  plasmids  are 
the  expression  construct  for  the  GAL4  D^A  binding  domain  fused  to  a  transactivation  domain 
(e.g.  GAL4-Elk),  a  reporter  gene  with  multiple  GAL4  DNA  binding  sites  preceding  a  minimal 
promoter  fused  to  the  luciferase  coding  sequence  (e.g.  pFR-Luc),  and  if  desired,  an  expression 
construct  for  an  activated  signaling  molecule  (e.g.  pZiFra5H(6 IL)  which  expresses  oncogenic 
Ras).  If  the  altered  signaling  ultimately  stimulates  phosphorylation  of  the  transactivation  domain 
in  the  hybrid  transcription  factor,  then  transcription  of  the  luciferase  reporter  gene  is  activated. 
This  approach  is  schematically  shown  in  Fig.  1.  Two  days  after  transfection,  the  cells  are 
harvested  and  the  luciferase  activity  then  quantitated.  While  such  assays  are  quite  simple  and  rapid 
to  perform,  care  must  be  taken  in  including  appropriate  controls.  Thus,  below  we  describe  the 
methods  for  inexpensive,  high  throughput  analysis  of  transcriptional  signaling  using  GAIA  fusion 
proteins,  and  discuss  the  considerations  for  setting  up  and  interpreting  these  assays. 


Cell  Type  and  Growth  Conditions 

The  selection  of  a  cell  line  to  use  depends  on  the  specific  regulation  being  analyzed.  Different  cell 
lines  can  have  quite  different  signaling  components,  which  can  greatly  affect  the  outcome  of  the 
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GAL4  fusion  activator  assay.  Because  we  have  been  studying  the  role  of  transcriptional  signaling 
in  cellular  transformation  using  an  Nffl3T3  cell  model,  we  have  utilized  these  cells  for  a  number  of 
studies.  While  the  transfection  efficiency  of  different  cell  Unes  can  vary  a  great  deal,  nearly  100% 
of  the  cells  that  are  transiently  transfected  get  all  of  the  plasmids  in  the  transfection  mix.  Thus, 
even  in  poorly  transfecting  ceU  lines,  it  is  reasonable  to  assume  that  every  ceU  that  expresses  the 
luciferase  reporter  also  is  expressing  the  GAL4  fusion  protein  and  the  activated  signaling  protein. 
Cell  lines  that  are  difficult  to  transfect  may  require  lipid-mediated  transfection  or  electroporation. 
However,  for  NIH3T3  cells,  a  substantial  signal  is  obtained  using  the  simple  calcium  phosphate 
method  described  below  on  cells  plated  in  12-well  dishes.  To  avoid  obscuring  potential  regulatory 
mechanisms  by  constantly  stimulating  the  cells  with  serum  growth  factors,  after  the  transfection,  it 
is  often  useful  to  starve  the  ceUs  for  the  final  24  hours  of  the  assay.  The  composition  and 
preparation  of  media  and  buffers  used  were  previously  described  in  detail  ^  but  the  procedure 
below  has  been  modified  for  12  well  dishes.^with  NIH3T3  cells. 

NIH3T3  cells  are  grown  at  37°  in  a  humidified  5%  COj  incubator,  in  DMEM  containing  10%  calf 
serum,  2  mM  glutamine,  and  100  units/ml  of  streptomycin  and  penicimn.  The  day  before 

transfection,  split  the  cells  to  approximately  30%  confluent,  which  is  1x10^  cells/4  cm^  well  of  a 
12-well  dish.  For  this  split,  cells  from  10  cm  stock  dishes  are  removed  with  trypsin,  resuspended 
by  pipetting  up  and  down  several  times  with  an  equal  volume  of  growth  media,  then  suspended  in 
growth  media  at  IxlO^  cells  /  ml  in  50  ml  sterile  tubes  (A  fairly  dense  10  cm  stock  plate  will  yield 
about  70  wells).  After  thoroughly  mixing  the  cell  suspension  by  inverting,  transfer  1  ml  of  cell 
suspension  to  each  well  of  a  12  well  plate.  This  large  volume  pooling  of  the  cells  prior  to  plating 
helps  insure  a  constant  number  of  cells  in  each  well.  To  get  even  attachment  of  the  cells,  rock  and 
swirl  the  plates  well  before  placing  them  on  a  level  incubator  shelf.  We  have  found  that  there  is 
usually  sufficient  luciferase  signal  to  transfect  and  assay  even  smaller  wells  (e.g.  24  well  plates), 
but  these  have  increased  “edge  effects”  causing  uneven  cell  plating  and  less  reproducible 
transfections.  On  the  other  hand,  it  should  be  noted  that  for  the  standard  assay,  transfecting  larger 
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plates  or  dishes  will  not  increase  the  luciferase  signal,  as  a  proportionally  larger  amount  of  cell 
lysis  buffer  will  be  needed  to  make  cell  extract. 

Plasmids 

Since  the  original  observation  that  the  DNA  binding  and  transactivation  activities  of  transcription 
factors  can  be  found  in  separable  structural  domains  was  made  with  yeast  GAL4  ,  the  GAL4 
DNA  binding  domain/nuclear  localization  signal  (residues  1-147)  has  been  used  to  generate 
numerous  chimeric  transcription  factors  Reporter  genes  containing  5  GAL4  binding  sites,  the 
Elb  minimal  promoter  and  the  luciferase  coding  sequence,  have  also  been  widely  used.  The 
oncogenic  Ras  expression  construct  used  in  our  experiments  was  pZIPra5H(61L)  One  can 
obtain  specific  GAL4  fusion  transcription  factors  and  the  reporter  gene  from  the  many  investigators 
who  have  reported  their  use,  or  purchase  an  assortment  of  them  from  Stratagene.  Stratagene  sells 
the  “PathDetect  Trans-Reporting  Systems”,, jncluding  mammalian  expression  constructs  for  GALA 
fusions  with  Elkl,  Jun,  CHOP,  CREB,  ATF2,  and  Fos.  In  addition,  they  also  can  provide  the 
GAL4  binding  site-containing  luciferase  reporter  gene  (pFR-Luc)  and  several  different  expression 
constructs  for  activated  components  of  the  Ras  signaUng  pathway,  including  the  ones  used  in  this 
work,  the  CMV-driven  pFC-MEKK  (MEKK  residues  380-672),  pFC-MEKl*  (MEKl 
S218/222E,  A32-51),  and  pFC-PKA  (the  PKA  catalytic  subunit). 


Transient  Transfection  of  NIH3T3  Cells  Grown  in  12  Well  Plates, 

Stock  Solutions  for  Transfection 

2xHBS;  1.64%  NaCl  (w/v),  1.19%  HEPES  (w/v),  0.06%  Na2HP04  (w/v).  Adjust  to  pH  7.12 
with  1 N  NaOH,  filter  sterilize  and  store  at  4°. 

2.5  M  CaCb:  (A  lOx  stock)  Dissolve  tissue  culture  grade  CaCh  in  distilled  H2O,  filter  sterilize, 
and  store  at  -20°C. 

r.a1f  Thvmus  Carrier  DNA  Dried  “highly  polymerized”  calf  thymus  DNA  (Cat.  No.,  D  1501, 
Sigma,  St.  Louis,  MO  is  suspended  in  TE  (10  mM  Tris  pH  7.8,  0.1  mM  EDTA)  at  5  mg/ml  and 
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then  incubated  overnight  at  60“  to  aid  in  resuspension.  The  DNA  is  then  ethanol  precipitated  and 
resuspended  as  above  in  sterile  TE  at  about  4  mg/ml.  The  actual  concentration  of  the  slightly 
viscous  carrier  DNA  is  measured  with  a  spectrophotometer,  and  ahquots  are  stored  at  4“.  We 
formerly  used  herring  testis  DNA  (Sigma  Cat  No.  6898),  but  several  recent  batches  of  this  product 
appear  to  be  lower  molecular  weight  DNA,  and  are  10-fold  less  efficient  in  potentiating  transient 
transfection  than  the  previous  batches  or  the  current  calf  thymus  DNA. 

Plasmid  DNAs  were  prepared  by  Qiagen  columns  (Qiagen  Inc.,  Chatsworth,  CA)  as  recommended 
by  the  manufacturer. 

Three  hours  prior  to  transfection,  draw  off  the  media  and  feed  the  cells  with  1  ml  warm  media 
containing  10%  calf  serum.  For  a  typical  transfection,  add  to  a  sterile  microfuge  tube:  62.5  pi  of 
0.25  M  CaCl2  containing  0.5  pg  reporter  constract  (e.g.  pFR-luc),  10-50  ng  of  GAL4  fusion 
construct  (e.g.  GAL4-Eik),  0.5  pg  of  oncogenic  Ras  expression  construct  [e.g.  pZIPra5H(61L)], 
and  calf  thymus  carrier  DNA  to  a  total  of  5  pg  DNA.  We  do  not  typically  make  adjustments  in 
the  amount  of  calf  thymus  DNA  for  small  differences  in  the  amount  of  plasmid  DNA,  so  a 
starting  cocktail  of  0.25  M  CaCl2  with  4.0  pg  carrier  DNA  and  0.5  pg  pFR-luc/62.5  pi  is  used. 
To  another  set  of  microfuge  tubes,  add  62.5  pi  2X  HBS.  Then,  while  vortexing  the  open 
microfuge  tube  with  the  2x  HBS.  add  the  contents  of  the  DNA-containing  tube  dropwise  to  this 
tube  over  the  course  of  about  10  sec.  The  dropwise  addition  is  somewhat  laborious,  but  makes 
transfection  more  reproducible.  Enhanced  reproducibility  is  particularly  important  for  analysis 
with  GAL4  fusion  activators,  with  which  we  see  substantially  more  assay  variability  than  with 
standard  reporter  genes.  This  is  the  case  even  when  the  GAIA  fusion  constructs  have  been 
properly  diluted  to  assure  accurate  addition  of  the  nanogram  amounts  of  DNA  used  for 
transfection. 

Let  the  precipitate  stand  for  about  20  min.  It  should  look  cloudy  and  may  be  somewhat  granular. 
Vortex  each  tube  again  prior  to  pipetting  the  precipitate  onto  the  cells  and  then  swirl  the  media  on 
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the  plate.  For  optimal  precipitate  formation,  the  components  should  be  at  room  temperature. 
Mixing  of  the  DNAs,  precipitation,  and  addition  of  precipitate  to  the  cells  is  routinely  performed 
on  the  lab  bench,  without  subsequent  problems  with  contamination.  Approximately  16  hours 
after  transfection,  the  media  is  drawn  off,  the  cells  are  washed  once  with  1  ml  warm  PBS 
containing  0.2  mM  EGTA.  The  inclusion  of  EGTA  in  the  wash  is  not  essential  with  NIH3T3 
cells,  but  it  can  raise  the  transfection  efficiency  by  reducing  the  calcium  precipitate  toxicity  seen  in 
more  sensitive  cell  Unes.  After  the  wash,  1  ml  of  growth  media  containing  only  0.5%  calf  serum 
is  added  to  each  well,  and  the  cells  are  incubated  for  an  additional  24  hr  prior  to  harvest  for  the 
luciferase  assay.  This  semm  starvation  is  not  always  essential,  but  it  can  greatly  reduce  basal 
level  signals  in  serum-sensitive  pathways. 

Luciferase  assay 

Stock  Solutions  for  Luciferase  assay  ^ 

r^n  T  .vsts  Solution  20  mM  Tris  pH  7.8,  0.2%  Triton  X-100,  1  mM  DTT.  In  our  hands,  Tris 
works  better  than  potassium-containing  buffers  in  the  lysis  and  assay  buffers. 

250  mM  ATP  Solution:  Dissolve  ATP  (Pharmacia  Cat.  No.  27-1006-03)  in  HjO.  Adjust  pH  to 

7.0  with  concentrated  NH4OH.  Store  at  -20  . 

in  mM  Lucifp-riTi  Solution;  D-Luciferin-potassium  salt  (Cat.  No.  1600,  Analytical  Luminescence 
Laboratory).  Store  at  -20°C  protected  from  light. 

T  .iHfrrasR  Assay  Mix  20  mM  Tris  pH  7.8, 9.3  mM  ATP,  14.2  mM  MgSO^ ,  66  nM  luciferin 

The  following  procedure  was  developed  for  use  with  a  microplate  luminometer  equipped  with  a 
lOOpl  injector.  We  use  a  Berthold  EG&G  LB  96  P  luminometer  linked  to  a  Macintosh  computer. 
While  one  can  use  a  single-tube  luminometer,  and  they  may  be  more  sensitive  to  weak  signals, 
there  is  a  tremendous  gain  in  throughput  and  a  savings  in  labor  and  reagent  costs  using  a 
microplate  luminometer.  A  microplate  luminometer  can  read  96  assays  unattended  in  about  30 
min,  and  can  provide  the  results  as  a  Microsoft  Excel  file.  Regarding  assay  cost,  commercial 
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luciferase  assay  kits  such  as  that  from  Promega  (Madison,  WI)  are  excellent  when  very  high 
sensitivity  and  extended  glow  are  needed.  However,  the  assay  described  below  works  well  very 
with  easily  transfected  cells,  and  at  a  cost  of  -40/  well,  is  about  10-fold  less  expensive  than  using 

commercial  kits. 

Wash  cells  twice  with  PBS.  Thoroughly  remove  the  PBS  from  the  last  wash  by  aspiration,  and 
after  keeping  the  12  well  dish  tilted  for  a  few  seconds,  aspirating  each  well  again.  Add  150  pi  Cell 
Lysis  Solution  to  each  well.  The  cells  will  often  detach  and  lyse  by  themselves,  or  after  a  sharp  hit 
of  the  lysis  buffer-containing  plate.  If  not,  remove  by  scraping,  and  transfer  the  liquid  to  a 
microfuge  tube.  Spin  for  2  minutes  at  RT  to  pellet  any  debris.  Transfer  supernatant  to  a  new  tube. 
These  cell  extracts  may  be  assayed  immediately  or  frozen  at  -TO^C  for  future  assay.  Transfer  100 
|il  of  extract  to  a  white  microtiter  plate  (e.g.  Coming  Costar  #3912).  One  should  include  several 
wells  of  just  ceU  lysis  buffer  for  background  determination.  Prepare  Luciferase  Assay  Mix  (100  pi 
per  assay  plus  a  sufficient  quantity  to  prime  the  injector  and  for  blank  wells)  in  foil-wrapped  tube. 
Wash  and  prime  the  luminometer  injector  as  recommended  by  the  manufacturer  -  we  wash  with  60 
injections  of  H2O  followed  by  priming  with  12  injections  of  luciferase  assay  mix.  Failure  to  prime 
the  injector  with  luciferase  assay  buffer  will  cause  a  loss  of  signal  in  the  first  several  assay  wells. 
The  assay  is  earned  out  using  a  100  pi  injection  of  luciferase  assay  buffer,  followed  by  a  10  sec 
integration  with  no  delay.  With  our  instrament,  the  background  is  about  120  RLUs,  and  the  signal 
is  linear  to  over  5  million  RLUs. 

Use  of  GAL4  constructs  to  analyze  Ras  activation  of  a  transcription  factor. 

We  previously  found  that  phosphorylation  of  Ets2  T72  is  necessary  for  the  large  increase  in  Ets2 
activity  mediated  by  oncogenic  Ras  or  Neu  An  example  of  using  GAL4  constracts  to  analyze 
the  effect  of  Ras  on  Ets2  transactivation  activity  is  shown  in  Figure  2A.  GAL4-Ets2  fusion 
constmets  were  made  using  an  HA-epitope  tagged  derivative  of  the  Stratagene  pFC-dbd  vector  (see 
below).  We  found  that  GAL4-Ets2(l-172)  was  strongly  activated  by  oncogenic  Ras  in  the  reporter 
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gene  assay  system.  The  Ets2  T72A  mutation  in  this  context  caused  a  modest  reduction  of  the  basal 
transactivation  activity,  but  Ras-mediated  activation  was  reduced  to  background  levels  seen  with 
the  empty  GAL4  vector.  Triple  glycine  substitution  at  the  indicated  residues  of  GAL4-Ets2(l-172) 
disrupted  both  the  apparent  basal  transactivation  activity  and  Ras  activation  (Figure  2A). 

Titration  experiments  with  GAL4-Ets2(l-172)  plasmid,  as  well  as  with  all  the  other  GAL4  fusion 
activators  that  we  have  tested,  consistently  show  that  transfecting  very  small  amounts  of  the 
expression  construct  for  the  GAL4  hybrid  transcription  factor  gives  the  best  results  for  activation 
by  Ras  and  other  signaling  molecules.  In  this  example,  only  20  ng  of  the  GAL4-Ets2(l-172)  was 
cotransfected  to  obtain  maximal  activation  with  the  pFR-luc  reporter  gene  and  the  oncogenic  Ras 
expression  construct  pZIPrasH(61L).  If  substantially  more  GAL4  construct  is  used  (e.g.  100  ng), 
the  basal  level  of  expression  of  the  pFR-luc  reporter  (that  seen  when  cotransfected  with  the  empty 
pTTP  expression  plasmid)  is  quite  high,  ^d  coexpression  of  oncogenic  Ras  has  little  additional 
effect  (data  not  shown).  This  is  not  a  consequence  of  exceeding  the  Unear  range  of  the  luciferase 
assay,  but  instead  seems  to  involve  titration  of  limiting  cellular  factors  required  for  activation. 
While  the  amount  of  GAL4  construct  used  must  be  determined  empirically,  a  general  guide  is  to 
use  between  5-100  ng  and  to  use  the  least  amount  possible  that  gives  a  reUable  basal  signal. 

Controls  for  the  transactivation  assays 

We  have  not  observed  significant  transcriptional  activity  of  the  GAL4  dbd  parental  vector  (e.g. 
pFC-dbd),  but  this  is  necessary  to  confirai  in  each  cell  Une  tested.  An  internal  control  plasmid  is 
not  included  in  our  cotransfection  assays,  but  instead  we  rely  on  parallel  control  experiments  and 
sufficient  repetition  in  separate  experiments  to  normaUze  for  changes  caused  by  experimental 
variation.  Internal  control  plasmids  can  introduce  new  problems,  as  addition  of  a  fourth 
cotransfected  plasmid  (e.g.  CMV-6-gal)  can  act  as  a  transcriptional  competitor,  and  can  itself  also 
be  Ras-responsive.  If  an  internal  control  plasmid  is  desired,  a  non-Ras-responsive  control  reporter 
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expressing  Renilla  luciferase  (which  can  be  separately  be  assayed  from  firefly  luciferase)  has  been 
described 

Typically,  to  generate  solid  data,  experiments  are  repeated  three  different  times  in  duplicate.  The 
duplicates  should  be  separately  precipitated  and  transfected  DNAs,  as  this  is  the  major  source  of 
variation  within  each  experiment.  There  can  be  significant  variation  in  the  absolute  value  of 
luciferase  signals  obtained  on  different  days,  and  thus  the  data  from  different  experiments  are  often 
best  combined  when  expressed  as  “fold  activation”  within  each  experiment  by  Ras  or  other 
signaling  components  being  tested.  This  approach  leads  to  good  reproducibility.  Other 
approaches  to  normalize  experiments  such  as  expressing  the  data  as  RLUs/mg  protein  are  also 
used,  but  the  majority  of  the  variation  seems  to  arise  from  different  levels  of  transfection  efficiency 
between  experiments.  We  have  not  found  it  of  value  to  normalize  the  luciferase  data  to  the  amount 
of  protein  in  each  extract,  as  using  the  pooled  plating,  transfection  and  direct  lysis  procedure 
described  here,  there  is  rarely  significant  variation  in  extract  protein  content. 

One  important  control  for  the  experiment  shown  in  Figure  2A  is  to  confirm  that  the  abundance  of 
the  GAL4-Ets2  construct  is  not  substantially  altered  either  by  expression  of  oncogenic  Ras  or  by 
changes  in  protein  stability  from  mutations  in  the  Ets2  portion.  As  mentioned  above,  increasing 
the  amount  of  GAL4  fusion  activator  can  strongly  increase  reporter  gene  expression,  and  such  a 
change  could  be  misinterpreted  as  a  Ras-mediated  increase  in  transactivation  activity.  One  source 
of  problems  can  be  the  use  of  a  GAL4  fusion  construct  expression  vector  that  contains  a  Ras- 
responsive  promoter.  Our  experience  is  that  SV40-dnven  GAL4  construct  vectors  such  as  the 
original  pFC-dbd  (Stratagene)  are  not  Ras-responsive,  whereas  the  CMV-driven  pFC2-dbd 
(Stratagene),  like  other  CMV  driven  constructs,  is  quite  Ras-responsive  (CKG  and  CAH 
unpublished  data).  To  compare  both  the  basal  and  Ras-induced  transactivation  activity  of  various 
GAL4-Ets2  constructs,  it  is  important  to  determine  that  truncations  and  mutations  in  Ets2  are  not 
altering  the  hybrid  protein  stability.  This  presents  a  difficult  technical  problem,  as  the  20  ng  of 
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CaPO^  transfected  GAL4-Ets2  plasmid  DNA  transfected  cells  is  expressed  at  levels  well  below  the 
threshold  of  detection  by  immunoblotting.  However,  an  estimate  can  be  made  of  the  relative 
protein  expression  and  stability,  using  a  parallel  experiment  of  lipid-mediated  transfection  with 
substantially  more  plasmid  DNA  (e.g.  0.5  pg)  under  otherwise  analogous  conditions.  This  control 
is  not  ideal,  but  it  allows  one  to  determine  whether  there  are  large  changes  in  the  steady-state  levels 
of  GAL4  fusion  protein  under  related  conditions. 

Even  after  scaling  up  transfections,  it  can  be  difficult  to  obtain  an  immunoblot  signal  for  the  GAL4 
fusion  proteins.  Two  different  commercial  antibodies  against  the  GAL4  DBD  gave  us  weak 
signals  with  the  GAL4-Ets2  as  well  as  other  GAL4  fusions.  Thus,  we  generated  an  HA  epitope- 
tagged  GAL4-dbd  expression  construct  from  pFC-dbd,  with  4  HA  tags  at  its  N-terminus.  This 
SV40-driven  construct,  p4HACH,  has  the  same  cloning  sites  as  pFC2-dbd,  allowing  a  rapid 
transfer  of  Ets2  sequences  to  this  context,  ^pansactivation  studies  showed  that  the  p4HACH-Ets2 
constructs  behaved  the  same  as  the  previously  tested  pFC-dbd-Ets2  constructs  (GF  and  CAH, 
unpublished  data).  Immunoblot  analysis  of  GAL4  construct  expression  using  an  anti-HA 
monoclonal  antibody,  revealed  that  Ras  was  not  inducing  GAL4-Ets2(l-172)  expression  (Figure 
2B,  lanes  6  and  7).  In  addition,  this  analysis  showed  that  similar  amounts  of  each  GAL4-Ets2(l- 
172)  protein  were  present  in  uninduced  conditions,  with  the  exception  of  the  G( 122- 124)  mutant 
(Fig.  2B,  lane  4).  The  instability  of  this  mutant  protein,  also  observed  in  several  other 
experiments,  means  that  one  can  not  conclude  that  the  loss  of  basal  and  Ras-induced  activity  of  the 
G(122-124)  construct  (Fig.  2A)  was  due  to  altered  transactivation  activity.  This  example  of  an 
unstable  fusion  protein  highlights  the  fact  that  without  adequate  controls,  one  can  not  assume  that 
the  GAL4  fusion  activator  system  provides  a  direct  readout  of  transactivation  activity. 

Use  of  GAIA  constructs  to  monitor  Ras  signal  transduction 

An  example  of  an  initial  experiment  to  examine  signaling  pathway  activation  using  a  variety  of 
GAL4  fusion  activators  in  NIH3T3  cells  is  shown  in  Table  I.  Some  of  these  results  are  as 
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expected,  such  es  Rax  and  MEK  activation  of  GAM-EIk,  and  ntodeat  PKA  activation  of  GAU 
CREB.  It  is  infonnative  to  note  the  diffetence  in  the  teaults  obtained  with  the  two  aimilar  GAM- 
Elk  conatntcta,  as  the  only  difference  between  them  is  that  one  is  expmssed  using  the  SV40 
promoter,  and  the  other  (denoted  in  Table  I  by  “pFCa”)  from  the  CMV  promoter.  We  have  found 
*at  dte  huge  incmase  of  pFC2GAM-Elk  activity  by  Ras,  MEKK,  or  MEK,  is  due  to  the 
combmauon  of  a  substantial  incmase  in  the  expression  of  the  GAL4-ELK  protein,  as  well  as 
mcmases  m  tts  transcnpdonal  activation.  We  have  further  observed  that  MEKK  even  activates 
expresston  from  the  SV40  promoter,  causing  false  madouts  of  incmased  tmnsactivation.  This 
altemd  GAM  fusion  construct  expmssion  complicates  the  analysis,  and  also  highlights  the  need  to 
uteasure  puttein  levels.  When  working  with  acdvamrs  such  as  Ras  that  can  .t  across  seveml 
stgnahng  pathways,  it  is  trteful  to  find  control  GAM  fusion  acdvatom  ftat  have  significant  basal 
transacdvadon  activity,  but  whose  transactivation  activity  is  not  affected  by  Ras  signaling.  TOs 
provides  a  valuable  parallel  negative  controj/or  Ras-mediated  activation.  The  GAM-VP-Id  fusion 
is  the  best  such  confrol  that  we  have  found,  as  its  strong  basal  signd  with  the  pFR-Luc  mporter  is 
not  altered  by  coexpression  of  oncogenic  Ras  (Table  I  and  data  not  shown).  The  finding  that 

MEKI  expression  can  activate  GAM-Iun  fTable  I),  likely  mflects  an  autocrine  loop  similar  to  that 
reported  with  Raf  activation  of  INK 


Both  the  specificity  and  magnitude  of  reporter  gene  response  can  be  affected  by  the  choice  of  the 
cell  hne  assayed.  These  same  plasmid  constructs  in  HeLa  cells  showed  more  specificity  when 
tesmd  with  the  same  activated  MEKK,  MEKI,  and  PKA  constructs.  In  the  HeM  cells,  GAM-Jun 
was  activated  by  MEKK  but  not  MEK,  GAM-Elk  aoivated  by  MEKK  and  MEKI,  and  GAM- 
CREBactivamdonlybyPKA  It  is  intmesting  to  note  that  while  GAM-cIUN  was  not  stiongly 
activated  by  MEKK  in  NIH3T3  cells,  it  was  strongly  activamd  In  several  other  cell  fines  including 
HeLa,  293.  and  CHO  cells  (CFZ.  unpublished  data).  Ovendl,  GAM  fttsion  reporter  gene  systems 
are  a  powerful  way  to  analyze  signaling,  but  because  of  tire  complexi^  and  cross-talk  involved  in 
atgnalmg  ”,  one  must  not  rely  solely  on  this  approach.  Complementary  appmaches  for 
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monitoring  downstream  signaling,  such  as  MAP  kinase  assays,  are  described  elsewhere  in  this 
volume. 
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Figure  and  table  legends. 

Figure  1.  Analysis  of  Ras  activation  of  Elk-1  with  GAL4-ELK1  fusion  and 
luciferase  reporter  construct  Shown  on  the  top  of  the  figure  are  schematic  representations  of 
the  plasmids  used.  pFA-Elkl  expresses  a  fusion  protein  of  GAL4  DNA  binding  domain  activation 
domain  of  the  ternary  factor  Elkl.  The  plasmid  pFC-Ras  is  an  expression  vector  for  oncogenic 
human  Ha-Ras  (61L).  The  pFR-Luc  reporter  plasmid  expresses  luciferase  when  GAL4-Elkl 
fusion  factor  is  activated  in  mammalian  cells.  1)  Cotransfection  of  the  reporter  plasmid  (pFR-Luc), 
fusion  transactivator  plasmid  (pFA-Elkl)  and  the  expression  vector  for  the  gene  of  interest  (pFC- 
Ras)  into  mammaUan  cells  such  as  Nffl3T3  or  HeLa  ceUs  with  calcium  phosphate  or  lipid- 
mediated  methods.  2)  In  the  transfected  cells,  pFC-Ras  expresses  activated  Ras  protein  which 
causes  the  sequential  activation  of  protein  kinases  Raf,  MEK,  and  then  the  MAP  kinases  ERKl/2 
in  the  cytoplasm.  3)  Activated  MAP  kinase  translocates  into  the  nucleus  and  phosphorylates 
GAL4-Elkl,  which  is  being  constitutiVely  expressed  in  the  nucleus  from  pFA-Elkl. 
Phosphorylated  GAL4-Elkl  then  becomes  transcriptionally  active,  stimulating  the  transcription  of 
the  luciferase  gene  on  the  pFR-Luc  plasmid.  Therefore,  luciferase  activity  in  transfected  cells 
reflects  the  activation  status  of  MAP  kinases  and  the  upstream  components  of  the  Ras  pathway. 

Figure  2.  Analysis  of  Ras-mediated  transactivation  using  GAL4-Ets2  constructs. 
A.  Results  of  a  representative  transactivation  assay.  NIH3T3  cells  were  transfected  in  12  well 
dishes  using  the  calcium  phosphate  method.  Each  well  received  0.5  pg  of  pFR-Luc  reporter,  0.5 
pg  of  either  pZIPrasH(61L)  (black  bars)  or  the  empty  pZIP  expression  vector  (white  bars),  20  ng 
of  the  indicated  GAL4-Ets2  construct,  and  4  pg  of  calf  thymus  DNA.  The  cells  were  starved  for 
24  hr  prior  to  harvest  and  assayed  as  described  in  the  text.  The  fold  increase  in  luciferase  activity 
mediated  by  Ras  for  each  construct  is  shown  above  the  black  bars.  B.  Immunoblot  of  GAL4-Ets2 
fusion  proteins  with  an  antibody  directed  against  the  HA  epitope  tag.  Each  well  on  a  12  well  dish 
of  NIH3T3  cells  was  cotransfected  with  0.5  pg  of  the  indicated  GAL4-Ets2(l-172)  expression 
construct  (except  lane  1),  and  0.5  pg  of  pZD?  Ganes  1-6)  or  0.5  pg  of  pZIPra5H(61L)  Oane  7), 
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using  Upofectamine  (Gibe/BRL).  The  cells  were  then  grown  as  in  the  reporter  gene  assay, 
harvested  by  scraping,  washed,  and  resuspended  in  20  pi  loading  buffer.  Then  10  pi  of  each 
extract  subjected  to  SDS  PAGE,  transferred  to  nitrocellulose,  probed  with  a  monoclonal  antibody 
against  the  HA  epitope,  and  antibody  binding  visualized  using  the  Pierce  Supersignal  reagents. 

Table  I.  Effects  of  coexpressing  activated  Ras  pathway  components  with  GAL4 
fusion  transactivators  and  a  GAL4-dependent  reporter  gene. 

a.  The  amount  of  expression  plasmid  transfected  into  the  NIH3T3  cells  and  the  residues  of  the 
transactivation  domain  of  each  transcription  factor  included  in  the  GAL4  fusion  protein  is 
indicated.  The  GAM  expression  constructs  all  use  the  SV40  promoter,  except  for  EUc  pFC2, 
which  uses  the  CMV  promoter. 

b.  Basal  RLU  is  the  average  number  of  RLUs  (an  arbitrary  light  unit)  measured  from  NIH3T3 
cells  transfected  with  the  indicated  fusion  ^ctivator,  pFR-luc  reporter,  and  the  empty  expression 
construct  pZlP. 

c.  Fold  activation  is  the  average  fold  increase  in  reporter  gene  expression  seen  for  each  type  of 
fusion  activator,  comparing  luciferase  levels  seen  upon  expression  of  the  activated  signaling 
component  to  that  seen  with  empty  expression  vector  pZIP.  The  amounts  of  expression  plasmid 
used  were  0.5  pg  of  pZIP  or  pZIPrayH(61L),  0.1  pg  of  pFC-MEKK,  pFC-MEKl*,  or  pFC- 
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Altered  Ets  Activity  In  Prostate  And  Breast  Tumor  Cell  Lines  Can 
Block  Anchorage  -Independent  Growth. 

Gabriele  Foos.  Christina  K.  Galang,  and  Craig  A.  Hauser.  The  Burnham 
Institute,  10901  N.  Torrey  Pines  Rd.,  La  Jolla,  CA  92037,  gfoos@ljcrf.edu 

The  Ets  family  of  transcription  factors  are  important  downstream  targets 
for  cellular  transformation.  Alteration  of  Ets-dependent  gene  expression 
has  been  found  to  reverse  the  transformed  phenotype  of  Ras  transformed 
mouse  fibroblasts  and  of  several  human  tumor  cell  lines.  We  have  now 
undertaken  several  approaches  to  better  understand  the  role  of  Ets  factors 
in  mediating  transformation  of  murine  fibroblasts  and  in  human  tumor  cell 
lines.  In  addition  to  acting  as  a  DNA  binding  domain,  the  Ets  domain  has 
also  been  reported  to  mediate  DNA-independent  protein-protein 
interactions  with  a  variety  of  other  protein  families,  including  AP-1  and 
NF-kB.  To  determine  whether  the  Ets2DBD  acts  by  binding  DNA  or  by 
titrating  out  other  factors,  we  have  analyzed  the  phenotype  of  Ras 
transformed  NIH3T3  cells  stably  expressing  the  Ets2DBD  with  various 
DNA  binding  mutants.  In  addition  we  tested  the  effect  on  Ets2DBD 
reversion  activity  of  fusing  it  to  a  heterologous  activation  or  repression 
domain.  Only  fusion  to  the  Engrailed  repressor  domain  increased  the 
apparent  reversion  activity.  Together,  these  results  indicate  that  the 
Ets2DBD  is  binding  to  DNA  and  acting  to  inhibit  the  Ets-dependent 
expression  of  target  genes  required  to  maintain  cellular  transformation. 

To  study  Ets  signaling  in  human  tumor  cells,  we  have  established  and 
analyzed  clones  from  prostate  (PPC-1)  and  breast  (MDA-MB-435)  tumor 
cell  lines  stably  expressing  either  the  Ets2DBD  or  full-length  Ets2. 
Analysis  of  multiple  independent  clones  from  either  type  of  tumor  line 
revealed  that  expression  of  the  Ets2DBD  or  full-length  Ets2  altered  cell 
morphology  and  inhibited  anchorage-independent  growth.  Expression  of 
the  Ets2  constructs  had  distinct  effects  on  Ets-dependent  gene  expression 
in  the  prostate  and  breast  cancer  cell  lines.  The  Ets2  and  Ets2DBD 
expressing  PPC-1  cell  lines  exhibited  slower  attached  growth,  a  dramatic 
8-fold  increase  in  apoptotic  cell  death  and  in  creased  p21*^‘‘’  expression. 
Expression  of  the  Ets2DBD  caused  a  5-fold  inhibition  of  PPC-1  cell 
migration  and  a  complete  inhibition  of  in  vitro  invasiveness.  Interestingly, 
PPC-1  clones  expressing’  full-length  Ets2  did  not  show  decreased 
invasiveness.  This  difference  suggested  that  they  have  some  distinct 
target.  Ets  target  genes  that  might  be  involved  in  the  transformed 
phenotype  will  be  presented.  Overall,  these  results  indicate  that  the 
balance  of  Ets  factor  activity  is  important  for  maintaining  multiple  aspects 
of  the  transformed  phenotype  of  human  tumor  cells,  and  that  modulation 
of  Ets  activity  represents  a  potential  therapeutic  target. 


Altered  Ets  Activity  In  Prostate  And  Breast 
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Burnham  Institute,  10901  N.  Torrey  Pines  Rd.,  La  Jolla,  CA 
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The  Ets  family  of  transcription  factors  are  important 
downstream  targets  for  cellular  transformation  in  several 
experimental  systems.  We  have  now  established  clones  from 
prostate  (PPC-1)  and  breast  (MDA-MB-435)  tumor  cell  lines 
which  stably  express  either  the  Ets2  DNA  binding  domain 
(Ets2DBD)  or  full-length  Ets2.  Analysis  of  multiple 
independent  clones  from  either  type  of  tumor  revealed  that 
expression  of  the  dominant  negative  Ets2DBD  altered  cell 
morphology  and  inhibited  anchorage-independent  growth. 
Expression  of  the  activating  construct  Ets2  has  distinct  effects 
on  transcription  and  transformation  in  the  prostate  and  the 
breast  cancer  cell  lines. 

The  Ets2  and  Ets2DBD  expressing  PPC-1  cell  lines  showed 
slower  growth  and  a  dramatic  increase  in  apoptotic  cell  death 
(8-fold).  Expression  of  the  Ets2DBD  caused  a  5-fold 
inhibition  of  PPC-1  cell  migration  and  a  complete  inhibition  of 
in  vitro  invasiveness.  Interestingly,  expression  of  full-length 
Ets2  did  not  inhibit  invasiveness  through  Matrigel.  The 
difference  in  invasion  activity  of  the  inhibitory  or  activating 
Ets  constructs  suggest  that  they  have  some  distinct  targets. 
Overall,  these  results  indicate  that  the  balance  of  Ets  factor 
activity  is  important  for  maintaining  multiple  aspects  of  the 
transformed  phenotype  of  PPC-1  prostate  tumor  cells  and 
MDA-MB-435  breast  cancer  cell  lines. 
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Altered  Ets  Activity  In  Prostate  Or  Breast  Tumor  Cell  Lines  Can 
Block  Anchorage  -Independent  Growth  And  Invasiveness. 

Gahriele  Foos.  Christina  K.  Galang,  and  Craig  A.  Hauser  The  Burnham 
Institute,  10901  N.  Torrey  Pines  Rd.,  La  Jolla,  CA  92037,  gfoos@ljcrf.edu 

The  Ets  family  of  transcription  factors  are  important  downstream  targets 
for  cellular  transformation.  Altering  Ets-dependent  gene  expression  can 
reverse  the  transformed  phenotype  of  several  cell  lines.  We  have  utilized 
dominant  inhibitory  or  activating  Ets2  constructs  to  characten^  the  role 
and  targets  of  Ets  factors  in  mediating  transformation  of  munne  fibroblasts 
and  in  human  tumor  cell  lines.  To  distinguish  whether  egression  of  the 
Ets2  DNA  binding  domain  (Ets2DBD)  reverts  Ras-transformed  NIn3T3 
cells  by  binding  DNA,  or  through  reported  protein-protein  interactions 
with  AP-1  and  NF-kB  family  members,  we  have  analyzed  the  revemion 
activity  of  stably  expressed  Ets2DBD  point  mutants  which  have  lost  DNA 
binding  activity.  All  of  these  Ets2DBD  mutants  lost  their  ability  to 
reverse  transformation.  In  addition,  fusing  the  Ets2DBD  to  a  heterologous 
transcription  activation  or  repression  domain  demonstrated  that  active 
repression  by  the  dominant  inhibitory  Ets2DBD  construct  increased  its 
apparent  reversion  activity.  Together,  these  results  indicate  ^ 
Ets2DBD  is  binding  to  DNA  and  acting  to  inhibit  the  Ets-dependent 
expression  of  target  genes  required  to  maintain  Ras  transformation. 

To  study  Ets  signaling  in  human  tumor  cells,  we  h^e  esmblished  and 
analyzed  clones  from  prostate  (PPC-1)  and  breast  (MDA-MB-435)  tumor 
cell  lines  stably  expressing  either  the  Ets2DBD  or  full-length  Ets2. 
Analysis  of  multiple  independent  clones  from  either  of  huuor  i 
revealed  that  expression  of  the  Ets2DBD  or  full-length  Ets2  altered  cdl 
morphology  and  inhibited  anchorage-independent  growth.  Expression  of 
the  Ets2  constructs  had  distinct  effects  on  Ets-dependent  pne  ®^pr®ssion 
in  the  prostate  and  breast  cancer  cell  lines.  PPC-1  ceU 
Ets2  or  the  Ets2DBD  exhibited  slower  attached  growth,  increased  p21 
exoression  and  a  dramatic  8-fold  increase  in  apoptotic  cell  death. 
Ixpression  of  tho  Ets2DBD  inhibited  PPC-1 
completely  blocked  in  vitro  invasiveness.  Interestingly,  PPC-1  clones 
expressing  full-length  Ets2  did  not  show  decreased  invasiveness,  reveding 
that  the  different  Ets2  constructs  have  some  distinct  targets.  Analysis  of 
altered  Ets  target  gene  expression  in  the  various  re^^ried  tumor  cell  line 
will  be  presented.  Overall,  these  results  indicate  that  the  balance  of  Ets 
factor  activity  is  important  for  maintaining  multiple  aspects  of  ttie 
transformed  phenotype  of  human  tumor  cells,  and  that  modulation  of  Ets 
activity  represents  a  potential  therapeutic  target. 
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